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iM'HOjDUUXlUti 
Two steps are essential to achieve genetic advances in 
plant breeding programs: (a) to obtain populations which 
possess genetic variability, and (b) to practice selection 
to isolate the desired genotypes. The basic origin of genetic 
variability is mutation, either genie or chromosomal. 
Originally, plant breeding of self pollinating crop 
species consisted of selecting among natural variants. 
Intense selection soon exhausted progress from natural varia­
bility and plant breeders were forced to hybridize between 
genotypes to develop new genetic variability. In 1901, de 
Vries proposed that artificially produced mutations might 
lead to new properties in plants and animals. However, it 
was Muller (1927) and Stadler (1930) working with Drosophila 
and plants, respectively, who showed that X-irradiation 
induced mutations. 
When selecting in segregating generations of a cross in 
a self pollinating species a ceiling is imposed upon progress 
by the genotypes of the parents. Furthermore, the progress 
from selection within the progeny of a segregate is limited 
to recombinations of genes present in the selected plant. 
Since continuous selfing fixes genes in the homozygous state 
so rapidly, selection is effective in only a few generations 
after the original cross. Lindstrom (1939) listed four 
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factors that limit selection when rapid fixation of genss 
occurs: (a) many characters are inherited quantitatively, 
(b) environment masks genetic expression, (c) complicated 
systems of gene interaction occur, and (d) methods of isolat­
ing and evaluating lines are inadequate. An additional 
limiting factor is linkage. A cyclic system of selection and 
recombination, called recurrent selection, was developed to 
circumvent these limitations. 
Recurrent selection maintains genetic variability in the 
breeding population but gradually increases the frequency of 
desirable genes and gene combinations. In contrast recurrent 
irradiation expands the variability in a population through 
the accumulation of mutations, but does not concentrate the 
frequencies of desirable genes unless accompanied by selection. 
Recurrent selection has been applied extensively to 
cross-pollinated crops, but no case has been reported of its 
use to improve self-pollinated crops. However, recurrent 
selection should be adequately effective for cross and self-
pollinated crops. The principal handicap to its use in self-
pollinated crops is the morphology of the species which 
imposes self-pollination. In a sense, recurrent selection is 
practiced in self-pollinated crops when the breeder, after 
isolating several good varieties, intercrosses them to obtain 
an even better variety. 
The objectives of the present study were: (a) to 
3 
evaluate recurrent Selection for improving seed weight in oat5 
(a self fertilized crop), (b) to determine whether irradiation' 
induced and natural variability for seed weight were equally 
useful in a recurrent selection program, (c) to determine the 
value of a second cycle of thermal neutron irradiation for 
increasing genetic variability of three characters, 100-seed 
weight, heading date, and plant height, and (d) to predict 
genetic gains from further selection in populations derived 
from recurrent selection and recurrent irradiation. 
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REVIEW OF LITERATURE 
The literature relevant to this study will be divided 
into 3 groups: (a) the induction of mutations by irradiation 
and their use in plant breeding, (b) the relationship between 
irradiation-induced male sterility and natural crossing, and 
(c) the effectiveness of recurrent selection. 
Induction of Mutations by Irradiation and 
their Use in Plant Breeding 
In higher organisms Prakken (1959) classified mutations 
into the following categories: 
I. Plasmatic mutations including plastid mutations. 
II. Nuclear mutations 
A. Genome mutations - polyploidy 
B. Chromosome mutations - aneuploidy 
0. Structural mutations which are microscopically 
visible - fragmentations, deletions, duplica­
tions, inversions and translocations. 
D. Gene mutations. 
A similar classification was given by Gustafsson and Tedin 
(1954). Structural and gene mutations can not be distin­
guished into clear-cut groups because a structural mutation 
may change the expression of a gene by position effect 
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(Fasoulas and Allard, 1962). 
Stadler (1932) believed that all so-called point muta­
tions in corn resulting from Z-irradiation were actually 
minute chromosomal, deficiencies. Stadler and Roman ( 194-8) 
found that three mutants, a-x^, a-x2, and a-x^ induced at the 
A-locus of corn by X-irradiation were deficiencies affecting 
anthocyanin and chlorophyll production, and somatic viability. 
However, Stadler (1954) did not exclude the possibility that 
chemical transformations of the genes might be induced by 
irradiation since some chemical reactions were known to be 
energized by irradiation. In practice, distinguishing between 
deletions and gene mutations often is not possible in higher 
plants (Sparrow, 1961, Caldecott et al., 1954). 
If irradiation-induced point mutations actually exist it 
should be possible to demonstrate back mutation. Giles (1955) 
has demonstrated back mutation at certain loci in Beurospora 
but similar results have not been reported in higher plants. 
Timofeeff-Ressovsky (1930) found dominant reverse mutations 
in half of the loci tested in mutant races of Drosophlla. All 
induced mutations in barley reported by Uybon (1954) were 
recessive to the original allele except the six-row mutant, 
erectoides 16, and giant plant mutation. 
Two types of selection are involved in mutation breeding, 
diplontic selection (Gaul, 1958)» the first type, is automatic 
and largely beyond the control of the plant breeder. In 
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plants the mutated cells are overgrown by non-mutated cells 
which are presumably more viable. The second type of selec­
tion is that consciously practiced by the plant breeder in the 
%2 and subsequent generations. Gaul (1958) showed that 
fertile barley spikes possessed the same frequency of 
point mutations (chlorophyll mutations) as did semi-sterile 
ones. If semi-sterility is caused by chromosomal aberrations 
the selection of fertile spikes should be an effective way 
to eliminate undesirable chromosome mutations. Gaul (1961a) 
found that both the frequency of chromosome mutations (as 
measured by sterility) and chlorophyll mutations induced 
by X-rays decreased significantly in later differentiated 
tillers, and the average size of mutated sectors in barley 
spikes increased with higher X-ray doses and in the later 
formed tillers. The mean size of mutated sectors in the first 
two tillers comprised about 50 percent of the florets of the 
spike, whereas spikes in the later formed tillers were not 
chimeric. This was Interpreted to mean that each of the first 
two spikes (generative tissue) was derived from two (surviv­
ing) initial cells, whereas the later formed spikes originated 
from only one. The highest mutation rates were found in 
tillers which were already differentiated in the embryo at the 
time of irradiation. Similar results were obtained by 
Swaminathan (1961) in wheat and Sarvella ejb al. (1962) in 
barley. 
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Stadler (1930) questioned the practicability of mutation 
because usually a favorable induced mutation was accompanied 
by unfavorable ones. Hagberg _et al. (1963) related that 
mutagens were used at Svalof to: 
(1) produce macromutations in single loci, 
(2) induce modifiers or micromutations which made macro-
mutations better adapted, 
(3) obtain a collection of new mutations for a germplasm 
bank, 
(4) provide knowledge about the physiological and 
biochemical process in plants, 
(5) to induce translocations which aid in chromosome 
mapping and producing duplications for important loci. 
In the extensive mutation breeding done in Sweden during 
the past 35 years superior mutants have occurred in the ratio 
of one in 500 to 1000 mutational changes (Gustafsson, 1954). 
From X-rayed peanuts, Gregory (1957) found one superior yield­
ing mutant from each 500 to 1000 Mg plants. Vettel (1957) 
reviewed his 30 years of experience in working with popula­
tions of cereal plants from hybridization and found that only 
0.3 percent of 5045 F g populations produced commercial varie­
ties. In tomato crosses, Williams (1959) isolated one desira­
ble recombinant from each 1000 to 1500 Fg plants. Thus, the 
frequency of superior mutants from mutation breeding appears 
to be about equal to the frequency of superior segregates from 
8 
hybridization. 
X-irradiation enhances crossing over near the centromere 
in Pro sophila chromosomes but it decreases crossing over in 
regions away from the centromere according to Muller (1925 
and 1926). The decreased crossing over in non-centromere 
regions of the chromosome is in part an indirect consequence 
of interference from increased crossing over elsewhere. 
"Whittinghill (1955) demonstrated that X-rays induced crossing 
over in Drosophila males. The induced recombinations were 
nonrandom among families, among chromosome regions within 
families, and oftentimes among complementary classes within a 
region. 
Nybon (I96I) has presented a thorough review of mutation 
experiments in vegetatively propagated plants, including the 
mode of origin of somatic mutations, the techniques for 
mutagen treatments, and the possible use of induced mutations. 
Possibly the widest use of induced mutations will be in 
hybridization programs. Mutations which produce some valuable 
feature, but produce negative or no effects on other attri­
butes, may have a total positive value when recombined with 
other germplasm. MacKey (1956) illustrated that mutations of 
modifier genes and of genes with major effect are often 
produced simultaneously. Crossing between mutants or between 
mutants and non-mutant varieties can be used to separate 
positive from negative mutations. Sometimes a mutation will 
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not show a positive value until placed into another genie 
background. Loesch (1962) crossed five X-irradiation derived 
peanut lines each of which showed a drastic mutation, e.g., 
cup leaf and Illex, with the control and with other mutant 
lines. Mutant F g plants of a common phenotypic class 
extracted from mutant x mutant crosses and mutant x control 
crosses showed a different expression in most cases: thus, 
the drastic mutation showed a different expression depending 
upon the genetic background. In addition, lines were selected 
from the mutant x control cross which did not show the expres­
sion of the major mutation, e.g., cup leaf. Except in a few 
instances, there were significant differences among F^ lines 
for plant width, plant height, leaflet length, stem diameter, 
fruit length, fruit yield indicating that the irradiation-
derived peanut lines which carried the drastic mutation, also 
carried other mutations the expressions of which were masked 
by the major mutation. Gregory (1956a), Emery et al. (1961) 
and Gregory (1961) have shown that hybrids among mutant sibs 
gave moderate heterosis indicating different mutations were 
present in the sib lines. 
By combining erectoides mutations at different loci into 
barley strains so that they carried four, three, two, one or 
no mutations in the homozygous condition, Hagberg (1959) was 
able to study the additive effect of combined mutations on 
internode length in the spike. The mean internode length was 
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reduced, from 33 mm. in the mother line, to 24 mm. In lines 
having one erectoide locus, to 16 mm. in those containing two, 
to 13 mm. in lines containing three, and to 12 mm. in lines 
containing four mutated loci. As each additional loci was 
changed to the mutant form the additional phenotypic effect 
was diminished. Hagberg (1962) also illustrated how induced 
reciprocal translocations could be used in barley to duplicate 
desirable chromosomal segments. 
Another use of mutation breeding, proposed by Caldecott 
and North (1961), would utilize chromosomal aberrations or 
mutant diploidizing genes to produce normal diploid meiotic 
behavior in autotetraploids of barley. Also mutation breeding 
could be utilized to fix the heterotic benefit of heterozy­
gosis in polyploid self-fertilizing species. This would be 
done by having different alleles, each in the homozygous con­
dition, at homeologous loci in the polyploid. Obtaining 
different alleles at the homeologous loci would be accomplished 
by treating polyploids with mutagens. The success of this 
proposal is based on the biological validity of two assump­
tions, namely, that heterosis is due to the heterozygous con­
dition of two alleles, and if this assumption is valid, that 
the heterozygote superiority would operate across homeologous 
loci in the same way that it does in homologous loci. Calde­
cott and North (1961) conceived the idea of irradiating 
hexaploid oats recurrently to obtain homeologous loci with 
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different alleles. After five cycles of irradiation the 
variability for quantitative characters was extremely high 
but no strains with phenomenal vigor were obtained. 
The effects of irradiation and chemical mutagens on the 
means and variances for quantitative characters in various 
crops have been reported. From X-radiation of oat seeds 
MacKey (1954) obtained frequent mutations for earliness from 
the late variety, Klock II, and frequent mutations for late­
ness from the early variety, Same. Gaul (1961b) obtained 56 
early mutants in the Xg or ^3 generations of X-radiated Haisa 
II barley with the most extreme mutant being 10 days earlier 
than the parent line. Twelve of the 56 mutants also possessed 
greater yielding ability than the mother line. He found one 
mutant line from irradiated Breustedts Atlas barley which had 
seed weight 16 percent heavier than the mother variety. 
The induction of significant genetic variability for 
yield, plant height, maturity and seed size in soybeans from 
thermal neutrons and X-ray treatment was reported by Rawlings 
et al. (1958). The genetic variance in the irradiated mate­
rials was five times larger than in the control, but the 
increased variability for yield was largely in the negative 
direction. Predicted genetic gains from selection indicated 
that significant advance could be expected in all characters 
except plant height. Oka et al. (1958) obtained increased 
genetic variability for plant height and heading date from 
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X-irradiation of rice, while the mean values of the irradia­
tion derived populations remained unchanged. Similar results 
were obtained by Mertens and Burdick (1956) with tomato, Brock 
and Latter (1961) with subterranean clover, and Matsuo and 
Onozawa (1961) and Li et al. (1961) with rice. 
"Williams and Han way (1961) increased the genetic varia­
bility and heritabilities for oil and protein contents in 
soybeans by thermal-neutron and X-ray treatments. Some shifts 
in mean oil and protein percentages also occurred, but these 
were associated with the parental varieties. Sterility 
induced by irradiation tended to magnify the genetic variance, 
but significant increases in genetic variance were still 
present when the effect of sterility was eliminated. Selec­
tion for yield, maturity, seed weight, and oil and protein 
percentage was practiced by Papa jst al. (1961) in the 
generation of the same soybean populations. Selection for 
yield was effective in both the irradiated and nonirradiated 
Hawkeye populations but in neither of the Adams populations. 
For maturity, seed weight, and oil and protein percentage 
selection was more effective in the irradiated than in the 
control populations. 
Abrams (1963) compared the relative effectiveness of 
32 
thermal neutrons, P and ethyl-methanesulphonate for inducing 
genetic variability for heading date, plant height, and weight 
per 100-seeds in Clintland 60 variety of hexaploid oats. The 
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genetic variability among ramilles and among lines within 
families in the generation (except for plant height in the 
32 P population) was significantly increased by all mutagens, 
but thermal neutrons and ethyl-methanesulphonate produced the 
greatest variability. The induced variability for heading 
date and plant height was nearly unidirectional from the check 
mean with most of the mutants being later and shorter than the 
check. 
Okabe et al. (1963) showed that the mean groat weight of 
a population of hexaploid oat strains (N^) derived from ther­
mal neutron treatment was significantly higher than the mean 
of the check population (Clintland variety). The groat weight 
was analyzed into components according to the formula: groat 
weight = 1 DKK, where L and W are the variables, groat 
length and width, respectively, and D and K are the constants, 
density and shape, respectively. The weight of primary and 
secondary groats was significantly greater in the irradiation-
derived than in the check population, but of the components 
only width of the primary groats was increased significantly 
by the irradiation treatment. Actually the increase in groat 
weight was an artifact of the positive association of the 
irradiation-induced mutations for groat length and width. 
Gregory (1956b) suggested that irradiation-induced 
variance should be cumulative with the variance from hybridi­
zation so that materials derived from the irradiation of 
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hybrids would have a variance equal to the sum of the vari-
2 2 2 2 
ances from the two sources (tr^P + <j_FX = crnPX + or„F, where P 
u V u U 
stands for parents, F for hybridization, and X for X-rays). 
For yield, averaged across four parents and three crosses, the 
2 p 
calculated value for arP + oTFX was 77 percent of the value 
u- U 
for ct|pX + <y^F (Gregory, I960). He concluded that if out­
crossing were too costly, either in time or loss of collateral 
characters, progress from selection among irradiation-derived 
lines would be a reasonable substitute for hybridization. 
Xrull (i960) evaluated the effects of an acute dose of thermal 
neutron irradiation on the genetic variability of heading 
date, plant height, and 100-seed weights, in pure line and 
hybrid populations of oats. The irradiation increased the 
genetic variance in both pure line and hybrid backgrounds. 
No consistent positive or negative shifts in skewness were 
induced suggesting that equal numbers of mutations were 
induced in both directions from the population mean. The 
increased variance from irradiation treatment was due prima­
rily to shifting line performance from the flanks to the 
extremes of the frequency distributions. The ratio of vari­
ance components from irradiation to those from hybridization 
was approximately one-half. The variability from irradiation 
and hybridization was equally heritable. 
Recurrent mutagen treatment may provide additional varia­
bility which would increase the efficiency of selection. From 
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a barley population derived from one irradiation treatment, 
Scholz (I960) isolated a naked-kernel mutant which yielded 90 
percent as much as the parent variety, Haisa. Because the 
glumes contribute 10 percent of barley kernel weight, the 
mutant actually yielded as well as the mother variety. "When 
the naked-kernel mutant was irradiated a new mutant was 
produced which yielded 98 percent as much as Haisa: thus the 
net yield of the new mutant was higher than that of the 
original variety. When Swaminathan (I96I) irradiated seeds 
of Gossypium arboreum and G. hirsutum no visible mutations 
were detected, but following recurrent irradiation a number 
of visible mutations affecting chlorophyll development, 
texture and hairiness of the leaves, shape of bolls and seeds, 
and length of fibres were observed. 
A number of commercial varieties of crop plants have been 
developed via mutation breeding. Primex white mustard variety, 
released from Svalof in 1950 was selected from an irradiation-
derived population of plants (Andersson and Olsson, 1954). 
Froier (1954) reported that 100 mutant lines of barley had 
been tested in field trials at Svalof and its branch stations 
during the ten years prior to 1954. One of these, an 
erectoides type, was named Pallas (Borg eit al., 1958) • A 
mutant line of peas, named Stralârt, was also released in 
Sweden (Gustafsson and Tedin, 1954). 
A number of agronomically superior mutant strains of oats 
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were isolated from Irradiated Huron variety by Prey (1955), 
and a bush-type mutant was recovered by Down and Andersen 
(1956) following X-radiation of the seeds of a vine type navy 
bean. The bush-type mutant was especially desirable because 
it (a) allowed better air movement through the bean plant 
resulting in less injury from sclerotinia wilt, and (b) the 
upright growth habit held ripe beans off from the wet ground, 
resulting in a lower percentage of discolored beans. After 
anthracnose resistance had been transferred to the bush-type 
mutant by backcrossing, this strain was released as Sanilac. 
Gregory (I960) released a peanut variety, NC^X, which was 
isolated from an irradiation-derived population. This strain 
yields better than the parent variety, has good seed quality 
and produces nonrupturing pods. Other mutant lines possessed 
resistance to leaf spot disease. 
Two varieties of oats, Florad (Chapman jet al., 1961) and 
Alamo-X (Atkins, 1962) have been developed by mutation breed­
ing. 
The Relationship Between Irradiation-induced Male 
Sterility and Natural Crossing 
Irradiation is known to induce male sterility in Mj_ 
generation plants (Mikaelsen and Aastveit, 1957) which can 
increase the frequency of natural crossing in field plantings, 
17 
and confound the apparent induced variability. Caldecott jet 
al. (1959) obtained numerous stem rust resistance Mg oat 
plants when the M-j_ field nursery was not isolated, but no stem 
rust-resistant M2 plants were found when the field nursery 
was isolated from foreign pollen. Krull (i960) concluded that 
cross hybridization among plants grown in the greenhouse 
was negligible. But Weber and Hanson (1961) found that under 
field conditions natural hybridization on soybean plants 
was 5.0 percent, whereas natural crossing on the check plants 
was 1.0. Frohberg (1963) found that thermal neutron treatment 
of oat seeds caused an increase in natural crossing on 
plants. 
Abrams (1963) compared the mean fertility of 5 mutagen-
derived populations of hexaploid oats in the generation 
with the mean fertility of the check population. The means 
and standard deviations for fertility in the 6 populations 
were not significantly different. He concluded that the vari­
ability for quantitative characters observed in the mutagen-
derived populations was not due to sterility Induced by the 
mutagens. 
Recurrent Selection 
The theory and use of recurrent selection has been most 
extensively tested on cross pollinated plant species, 
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especially corn and sweet clover. Early in this century, 
Hayes and G-arber (1919), and East and Jones (1920) proposed a 
breeding system similar to phenotypic recurrent selection. 
High protein strains of com were crossed and P2 plants with 
high protein percentage were selected and their progenies were 
intercrossed. From the resultant segregating population high 
protein plants were selected and intercrossed, and so on until 
the desired genotype was obtained or until the genetic varia­
bility was exhausted. The method was highly effective for 
increasing the percentage of total protein in corn grain. 
Prey al. (194-9) increased the percentages of tryptophan 
and protein in corn grain with this breeding procedure. 
Jenkins (194o) suggested a second plan which was similar 
to recurrent selection for general combining ability. The 
procedure was outlined for producing synthetic corn varieties: 
(a) isolation of first generation selfed lines, (b) testing 
the lines in top crosses, (c) intercrossing among selected 
lines to produce the synthetic variety, and (d) repetition of 
a, b and c after the synthetic variety had interpollinated for 
one or two generations. It was Hull (194-5) who introduced the 
term, recurrent selection, which he proposed to use for 
improving specific combining ability. It differed from 
Jenkins1 (1940) method in that inbred lines were used as the 
testers. 
Phenotypic recurrent selection was effective in situa­
19 
tions where herltabllity ol" the character in question was high 
(Sprague et al., 1952, and Jenkins et al., 1954). Recurrent 
selection for general combining ability was designed for 
situations when genes had primarily additive effects, and 
therefore, required the use of a tester with a broad genetic 
base (Sprague, 1955). Recurrent selection for specific com­
bining ability (Hull, 1945) was designed to select for genes 
with non-additive effects. Comstock ejfc al. (1949) outlined 
reciprocal recurrent selection, which was designed to maximize 
selection for both general and specific combining ability. 
For complete surveys of the literature on recurrent 
selection see Lonnquist (1961) and Penny et al. (1963). In a 
study by Sprague and Brimhall (1950) recurrent selection was 
more effective than pedigree selection in 2 ways: (a) the 
mean advance in oil percentage per year was greater, and (b) 
after two cycles the recurrent selection population still 
contained considerable genetic variability for oil percentage. 
In another five-year study, Sprague et al. (1952) obtained 
advances in oil percentage per year of 0.13 and 0.4l from 
pedigree and recurrent selection, respectively. Again, the 
residual genetic variability in the recurrent selection popu­
lation was considerably higher than in the pedigree materials. 
Jenkins et al. (1954) used three cycles of phenotypic 
recurrent selection to improve the resistance to leaf blight 
in 9 corn crosses. The third recurrent selection cycle was 
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less effective than the first two cycles due to a reduction 
in genetic variability that accompanied selection. 
Penny et al. (1963) conducted a program of recurrent 
selection to develop strains of corn resistant to the European 
corn borer. Borer resistance was qualitatively inherited (one 
to five gene pairs), but the herltabllity of resistance was 
low. Several agronomically desirable, but borer susceptible 
inbred lines, were crossed to a resistant line, backcrossed to 
the susceptible parents for two generations, and selfed for 
one generation. Then, two cycles of recurrent selection, 
using only plants on which no borers survived, were conducted. 
Only the first cycle was effective in increasing the frequency 
of the resistant plants in inbred 38-11, whereas both cycles 
produced progress in the inbred, WF9. 
The studies by both Jenkins (1954) and Penny et al. (1963) 
demonstrated the effectiveness of recurrent selection for 
making genetic progress in mean performance, but neither study 
provided any direct comparison of its efficiency with pedigree 
selection as did Sprague et al. (1952). 
Johnson and ElBanna (1957) found that four successive 
cycles of phenotypic recurrent selection for first year growth 
in sweet clover improved uniformity of growth type and plant 
vigor. Peacock (1956) used 9 clones of birdsfoot trefoil 
derived from various introductions and 4 other clones of 
European origin to initiate two cycles of phenotypic recurrent 
21 
selection. The lj clones were put into four groups according 
to type, growth habit, seed production, resistance to pod 
shattering and maturity and diallel crosses were made among 
the clones within each group. There was little gain in forage 
yield or in seed-set after two cycles of recurrent selection, 
but the seed pod dehiscence was reduced 17 percent after one 
cycle of selection for resistance to shattering. Christie 
( 1959) practiced recurrent selection to raise and reduce seed 
weight in bromegrass. Polycrosses were made among the 10 
highest and the 10 lowest seed weight clones. After one cycle 
of recurrent selection the range of seed weights was nearly 
double the range in the original population. 
In Iowa1, two programs of recurrent selection with corn 
were conducted using progeny performance as the basis for 
selection, one for resistance to the corn borer and one for 
resistance to stalk rot. In both programs, empirical results 
indicated that the frequencies of the resistant progenies 
following selfing in third cycle populations were high when 
compared with check inbred lines. In a third program to 
improve yield performance in Krug variety 2 systems of testing 
were used for 2 cycles. One system was based on S1 progeny 
performance and the second upon test cross performance with 
^Personnel in charge of the corn project, Agronomy 
Department, Iowa State University, Ames, Iowa. Private com­
munication. 1964. 
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an unrelated double cross tester. The efficiency of these 
testing systems was evaluated by comparing the original and 
resynthesized populations for: (a) mean performance per se., 
(b) mean performance in crosses with the double cross tester, 
and (c) mean performance in crosses with a 16-line synthetic. 
Based on 6 experiments (3 locations and 2 years) both systems 
of testing were efficient in improving the mean yield perform­
ance in Krug variety. McGill and £onnquist (1955) formed 3 
synthetics, 2 high- and 1 low-yielding after two cycles of 
recurrent selection for general combining ability in Krug corn 
variety. Simultaneously, a program of selfing within lines 
accompanied by test-cross evaluation in S^ to S^ was conducted 
using the same initial lines as those used in the recurrent 
selection studies. Test crosses of plants from the Gg 
synthetics, Krug variety, and lines were compared for yield. 
There were no differences in mean test-cross yields of lines 
from the two high-yield synthetics and lines developed by 
selfing. Recurrent selection and selection during selfing 
were equally effective In increasing or decreasing the mean 
of Krug variety. However, genetic variability remained in the 
synthetic populations, whereas little was present within the 
lines developed under continuous selfing. After 4 cycles of 
recurrent selection for general combining ability in "Stiff 
Stalk Synthetic" Penny et al. (1963) found a mean increase of 
5.2 bushels per acre which amounted to 1.2 percent per cycle. 
23 
Johnson (1952) reported results from recurrent selection 
for general combining ability for forage yield in Madrid sweet 
clover. The distribution in the first cycle of recurrent 
selection was shifted in a positive direction, and its mean 
was not different from the mean of the selected sample from 
which it originated. There was no indication of a reduction 
in genetic variance from one cycle of recurrent selection and 
more genetic advance from selection was expected. 
Oftentimes in autogamous species the plant breeder wishes 
to improve one attribute in a well adapted variety. In such 
a case MacKey (1963) suggested selecting a number of lines 
from a cross involving one adapted parent so that the lines 
complement each other in genetic constitution. Crosses 
between the sister lines would produce the desired recombina­
tion even though it would be rare in the original Murphy 
and Prey (1962) and Prey (1962b) showed that transgressive 
segregation for groat weight was as likely to occur in crosses 
between varieties with similar seed shape characteristics as 
in crosses between varieties with dissimilar seed shape 
characteristics. In fact, the greatest range of segregation 
in groat weight occurred in two crosses, each with parents 
with similar phenotypes. 
Intercrossing among segregates from a tobacco cross (a 
self-fertilized species) was suggested as an effective method 
to increase yield by Matzinger et al. (I960). Eight P2 plants, 
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four used as male parents and four as female parents were 
crossed In all 16 possible combinations and also selfed to 
give F3 progenies. The predicted yield increase from one 
cycle of recurrent selection using the top five percent of 
the intercrosses families was 7 percent. By using the top 5 
percent of the families the predicted gain was 11 percent. 
Recurrent selection could also be an effective method for 
releasing variability concealed by linkage, especially in 
self-pollinating crop species. After 4g generations of 
selection for high and low oil and protein percentage in corn 
grain, Leng (1962) reversed the selection for 13 generations 
and found that significant genetic variability still existed 
in the populations. Similar results were obtained by 
Dobzhansky et al. (1959) in Drosophila prosaltans. 
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materials ajnj) mJÏÏi'hojjs 
The materials used in this study were 25 oat strains (5 
groups of 5 strains each) selected from a large number of 
lines described by Krull and Prey (1961). Four of the groups, 
each consisting of the 5 strains with the highest 100-seed 
weights in the population from which the strains were selected, 
were derived one each, from populations which originated from 
irradiated Clintland variety, from irradiated Beedee variety, 
from the hybrid between Clintland and Beedee, and from the 
hybrid that had been irradiated. A fifth group of 5 strains 
with a mean seed weight equal to that of the group selected 
from the hybrid population, was selected from the irradiated 
hybrid population. This latter group of strains was selected 
in case the other group from the Irradiated hybrid source was 
near to a physiological ceiling for seed weight. The number 
of strains in the original source populations, the generations 
in which selection was done, and the mean 100-seed weights of 
the original populations and the group of selected strains are 
summarized in Table 1. 
The selected oat strains were used as source materials 
for measuring the effectiveness of recurrent selection and 
recurrent irradiation in creating variability upon which 
selection could be practiced. 
For the recurrent selection portion a complete set of 
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diallel crosses was made among the 5 strains within each 
group. For crossing, each strain was represented by 45 
plants, consisting of 15 plants grown at each of 3 dates 
separated by 2-week intervals. Repeated plantings were neces­
sary to assure overlapping of flowering periods among strains. 
All crossing was done in the greenhouse in the spring of 1961. 
When crossing, a number of plants from each parental strain 
was used for emasculation and pollination in order to sample 
the germplasm of the strains as adequately as possible. A 
Table 1. Numbers of strains in the original populations, 
generation in which selection was done, and mean 
100-seed weights of the original populations and 
the groups of selected strains 
Mean 100-seed weight8. 
Origin of 
population 
Number of 
strains 
Genera­
tion 
Original 
population 
Selected 
strains 
Irradiated Clintland 320 M4 2.77 3.14 
Irradiated Beedee 320 M4 2.85 3.30 
Hybrid 640 F5 2.85 3.41 
Irradiated hybrid^ 640 F5 2.87 3.55 
Irradiated hybrid8 640 M4,F5 2.87 3.42 
^Means from 4 replications. 
^Denotes from hereinafter the selected 5 strains with the 
highest lOO-seed weight. 
Denotes from hereinafter the selected 5 strains with 
100-seed weights similar to the strains selected from the 
hybrid population. 
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total or 50 crosses was made, i.e., 10 crosses aach thin 
group of strains, and at least 5 seeds were obtained for 
each cross (except for 2 crosses). 
For the recurrent irradiation, 75 seeds from each of the 
25 lines were treated with thermal neutrons in the fall of 
1961. The radiation dosage1 was 1.89 x lO1^ neutrons per 
square centimeter + 15 percent received over a seven and one 
half hour period. In this portion it should be remembered 
that the strains from hybrid population have received only one 
dose of radiation. 
The F^ seeds and the irradiated seeds were planted in 
separate rooms in the greenhouse at the rate of 2 or 3 seeds 
per 4-inch pot. Several precautions were taken to insure that 
natural crossing did not occur between the irradiated samples 
of the 25 selected strains. Each week the seeds of 5 strains 
were planted so after 5 weeks all strains were planted, and 
the early heading strains were planted first and late heading 
ones last. When a strain started flowering it was moved into 
a greenhouse room where no other oats were growing. When 
mature the plants were harvested and threshed Individually. 
The seeds from each plant (which produced 2 or more seeds) 
were spaced-planted in a progeny row in the field in 1962. 
^Radiation treatment and dosage were done under the 
direction of Dr. D. Greenberg, Department of Biology, Brook-
haven National Laboratory, Upton, L. I., New York. 
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The progeny rows, each 10 feet long, were spaced 3 feet apart 
in ranges that were separated by alleys 5 feet wide. 
Another breeding method, designated pedigreed selection, 
was used to estimate the genetic variability within the 
selected strains. For this portion 80 spaced-plants from 
each selected strain were grown. 
Several checks or controls were grown for inclusion in 
the final experiment. One of these, was a stratified random 
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sample consisting of 10 percent of the strains from the 
original populations from which the selected strains were 
taken. Another set of checks consisted of the 25 selected 
strains used in the recurrent irradiation, recurrent selection 
and pedigreed portions of the study. Each of these was repre­
sented by 2 samples, first a random sample of the seed of each 
strain and the other sample consisted of the bulked progenies 
of the actual plants used as parents in the recurrent selec­
tion portion. The stratified random strains and the 2 samples 
of each selected strain were grown in solid-planted rows for 
seed increase. A third check consisted of 2 progenies each of 
80 spaced plants, one from a single plant of Clintland and the 
other from a single plant of Beedee. 
When mature the spaced plants were harvested and threshed 
individually into envelopes labelled with the appropriate 
selection or accession number. The solid planted rows were 
harvested and each was threshed separately. 
recurrent irradiation, recurrent selection, and the pedigree 
procedure against each other and against certain checks con­
sisted of 2145 entries (Table 2). Non-irradiated Clintland 
and Beedee were each represented by 60 entries. Thirty of the 
entries of each variety were lines derived from a single plant 
and the other 30 consisted of 2 lines within each of 15 fami­
lies. The families were derived from a single plant several 
generations earlier. 
The degree of sampling within strains or families was 
different for each breeding method in order to make the number 
of entries representing a group of selected strains equal to 
120 within each breeding method. Hence, there were 24 (plants) 
random entries from each selected strain for the pedigreed 
method, making 120 lines for each of the five groups, or a 
total of 600 entries. For the recurrent irradiation portion 
each selected strain was represented by 12 families and 2 
lines (plants) within each family. This gave 24 lines per 
selected strain, 120 lines for each group of strains and 600 
total entries. In the recurrent selection portion each cross 
was represented by 4 families and each family by 3 lines 
(plants). Some strains or crosses did not contain the desired 
number of families or lines. In these cases enough families 
or lines from the same group were included to obtain the 
desired population size. A population consisted of the lines 
Table 2. The generations and number of plants, rows, families and entries planted in the 
greenhouse in 19&1 and the field in 19&2 and 1963 
Greenhouse, 1961 Field, 1962 Field. 19&3 
Designation 
of material 
No. of 
plants 
Genera­
tion 
No. of 
rows 
Generation No. of 
families 
No, of 
entries 
Generation 
Check material 
Clintlandf-
Clintland 
Beedee3, 
Beedee^ 
Original populations 
30 
30 
-
22 
60 
22 
60 
193 & % 
• 15 
1 
15 
1 
30 
30 
30 
30 
180 
*W5 * % 
Selected parents -
-
24° M^,F^ & % - 24 
*VF5 & \F5 
Sampled parents^ - - 25 M4.F5 & V5 - 25 V5 & M4F5 
Breeding material 
Pedigree selection 
- -
400 ^ . F 6 & ^ F6 25 599 
Recurrent irradiation 1825 Rec.Mj6 684 Rec.M^ 300 600 Rec.Mj 
Recurrent selection 428 Rec.F^ 295 Rec.F2 206 597 Rec.F^ 
Total 2313 1785 2145 
a*^Denote thirty entries from 15 families and 1 family, respectively. 
cOne parent was common in two populations. 
^Bulked progenies of plants actually used as parents in recurrent selection. 
eRec. denotes recurrent. 
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derived from a group of 5 selected strains. 
The 1963 field experiment was grown in a randomized block 
design with 3 replications. Since the experiment contained 
such a large number of lines it was necessary to divide the 
entries into 30 sets of 72 entries each in order to facilitate 
randomizing the plots. Entries were assigned to the 30 sets 
in proportion to the size of the populations. For example, 
4 entries from each of the populations of the breeding method, 
2 entries from the original hybrid population — etc. made a 
set of 72 entries. 1.1 each replication the 30 sets were 
randomized as blocks and the entries within blocks were also 
randomized. 
A plot consisted of a hill sown with 25 seeds and the 
hills were spaced one foot apart in perpendicular directions 
as described by Ross and Miller (1955) and Jellum et al. 
(1963). The entire experiment was surrounded by 3 rows of 
hills to equalize the competition for all plots. The experi­
ment was sprayed with a fungicide (active ingredients - Nabam1 
and zinc sulphate) at weekly intervals from anthesis to 
maturity to prevent a rust epiphytotic that could confound the 
expression of the genetic potentialities. 
Heading date, plant height, and 100-seed weight were 
^Mabam is a short name applied to disodium ethylene bls-
dithio-carbamate. The Rohm and Haas Co.'s brand Dithane D-l4 
was used as the source of Habam. 
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recorded for each plot, a plot was considered headed when 50 
percent of the panicles were completely emerged from the 
boots. Plant height was measured in inches from the ground 
to the tips of the panicles. 
"When the plants were mature, the whole plot was harvested, 
bagged, and threshed, and the weight was taken on a 100-seed 
sample. The seed samples were counted with an electronic seed 
counter similar to the one described by Goulden and Mason 
(1958). All data were key-punched onto punch cards for deran-
domization and the computations necessary for variance and 
covariance analyses. 
The sterility of lines within the various checks and 
breeding methods was estimated by sampling all of the selected 
strains and 7 percent of the entries in each check and breed­
ing method. Two random panicles were taken from each of the 
3 plots of an entry and the number of sterile and fertile 
florets were counted on each panicle. Sterility was deter­
mined on a plot basis as the ratio of number of sterile 
florets to total number of florets. 
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tUtiSUliTS 
The precision of the experiment grown in 1963, as judged 
by the coefficients of variation, (Table 3) was good, and it 
was consistent among the breeding methods. Coefficients of 
variation were not calculated for heading date since these 
data were recorded with June 1 as the arbitrary zero point. 
However, the error mean squares for heading date were low and 
consistent among analyses (Table 4). 
Efficiency of the Breeding Methods 
The mean squares from the analyses of variance of the 
complete experiment for the attributes, weight per 100 seeds, 
heading date and plant height are presented in Table 4. The 
mean squares from more detailed analyses of the data for the 
checks and the three breeding methods, pedigreed, recurrent 
irradiation, and recurrent selection are presented in Tables 
5-8 • 
The calculation of five error mean squares (Table 4) for 
each attribute gives the appearance of a split-plot analysis, 
but this was not the case. In the first place the individual 
error terms were calculated to determine whether they differed 
significantly. No significant differences were found, but the 
error mean squares were not pooled because it seemed logical 
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Table 3. Coefficients of variation for weight per 100 seeds 
and plant height for the different breeding methods 
Method Seed weight Plant height 
Check 6.6 5.4 
Pedigree selection 6.9 5.3 
Recurrent irradiation 7.1 5.0 
Recurrent selection 6.6 5.2 
to use the error term associated with a given breeding method 
to estimate the variance components for that method. 
The seed weight mean square for breeding methods was 
highly significant (Table 4), but most of the variance was due 
to the fact that the mean for breeding methods was signifi­
cantly higher than that for checks (Table 13). The means for 
breeding methods did not differ significantly. 
The mean squares from each of the three breeding methods 
were higher than comparable values from the checks (Table 4). 
There was significant variability among lines in each original 
population, i.e., irradiated Clintland, irradiated Beedee, 
hybrid and irradiated hybrid for each of the attributes except 
plant height in the irradiated Clintland population (Table 5). 
These data verify the results reported by Krull (I960). There 
were several cases where the mean squares for lines within 
Table 4. Mean squares from the analyses of variance for weight per 100 seeds, 
heading date and plant height measured in the 1963 experiment 
Mean squares 
Seed Heading Plant 
Source d.f. weight date height 
Total 6434 a 
Replication 2 .9839** 43. 16** 4118. 00** 
Strains 2144 .2025 27. 29 29. 18 
Breeding methods 3 15.8386** 225. 50** 162. 58** 
Error 6 .0372 1. 61 1. 12 
Check 34g .1221** 17. 50** 15. 47** 
Among populations 9 1.3720** 58. 61** 35. 95* 
Among strains w/populations 339 .0889** 18. 60** 14. 92** 
Error 696 .0309 1. 33 3. 97 
Pedigree selection 598 .1704** 32. 26** 33. 84** 
Among populations 4 2.6648 122. 47 971. 49 
Among parents w/populations 20 1.6062** 662. 81** 505. 72** 
Among lines w/parents 574 .1029** 9. 66** 10. 86** 
Error 1196 .0413 1. 39 3. 91 
Recurrent irradiation 599 .2231** 30. 28** 35. 91** 
Among populations 4 2.0053 310. 69 1075. 15 
Among parents w/populations 20 2.5319** 520. 13** 433. 67** 
Among families w/parents 275 .1881** 19. 54** 24. 75** 
Among lines w/families 300 .0774** 3. 73** 5. 76** 
Error 1198 .0422 1. 34 3. 4o 
a* and ** will hereinafter denote significance at the 5 and 1 percent levels, 
respectively. 
Table 4 (Continued). 
Mean squares 
Seed Heading Plant 
Source d.f. weight date height 
Recurrent selection 
Among populations 
Among crosses w/populations 
Among families w/crosses 
Among lines w/families 
Error 1192 
.1822** 24. 02** 25.07** 
4 3.4520** 212. 29 721.93** 
44 .5019** 150. 66** 109.11** 
157 .2190** 20. 21** 21.13** 
391 .0981** 9. 37** 10.07** 
.0370 1. 42 3.66 
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Table 5. Mean squares from the analyses of variance for 
weight per 100 seeds, heading date and plant height 
from the check populations 
Mean squares 
Source d. f. 
Seed 
weight 
Heading Plant 
date height 
Total 1046 _ _ 
Replication 2 .3724** 15.61** 726.55** 
Strains 348 .1221** 17.50** 15.47** 
Among populations 9 1.3720** 58.61** 35.95* 
Among strains 
w/populations 339 .0889** 18.60** 14.92** 
Clintland^ 29 .0494* 2.55** 3.51 
Clintland13 29 .0356 1.07 3.01 
Irradiated Clintland 29 .0819** 2.35** 5.26 
Beedee^ 29 .0205 1.46 4.06 
Beedee 29 .0388 4.30** 2.87 
Irradiated Beedee 29 .0505* 10.22** 8.49** 
Hybrid 59 .1474** 29.10** 25.30** 
Irradiated hybrid 59 .1567** 36.11** 26.13** 
Selected parents 23 .0565** 21.71** 34.10** 
Sampled parents 24 .1198** 24.06** 18.82** 
Error 696 .0309 1.33 3.97 
^Represents 2 progenies from 15 individual plants. 
^Represents 30 progenies from one plant. 
non-irradiated Clintland and Beedee were significant, but in 
general, these mean squares were low when compared to other 
sources. As expected significant variability existed among 
the parental lines for all attributes. 
The lines tested by Krull (i960) were P^-, Mg- and MgP^-
derived lines grown in the P^, M^ and M^P^ generations, 
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Table o. Mean squares from trie analyses of variance for 
weight per 100 seeds, heading date and plant height 
from the pedigreed populations 
Mean squares 
deed Heading Plant 
Source d.f. weight date height 
Total 1796 _ 
Replication 2 .4270** 5.48* 1119.79** 
Strains 598 .1704** 32.26** 33.84** 
Among populations 4 2.6648 122.47 971.49 
Among parents 
w/populations 20 1.6062** 662.81** 505.72** 
Irradiated 
Clintland 4 .9281** 644.92** 831.75** 
Irradiated Beedee 4 3.4387** 309.14** 294.75** 
Hybrid 4 .8383** 508.55** 49.73** 
Irradiated hybrid"; 4 1.8613** 951.26** 673.96** 
Irradiated hybrid 4 .9647** 900.19** 678.40** 
Among lines w/parents 
w/populations 574 .1029** 9.66** 10.86** 
Irradiated 
Clintland 115 .1426** 10.08** 14.25** 
Irradiated Beedee 115 .0427 4.01** 5.22* 
Hybrid . 115 .1110** 15.02** 13.93** 
Irradiated hybrid 114 .1229** 8.48** 9.86** 
Irradiated hybrid8 115 .0957** 10.68** 11.06** 
Error 1196 .0413 1.39 3.91 
respectively. Therefore, the lines contained both actual and 
potential heterogeneity due to segregation at loci which were 
heterozygous in the P3, M2 and plants. Measures of the 
variability within F^-, Mg- and MgP^-derived lines are shown 
in Table 6 under the designation "pedigreed populations". 
The means of the parental lines within each population 
Table 7« Mean squares from the analyses of variance for weight per 100 seeds, 
heading date and plant height from the recurrent irradiation populations 
Mean squares 
Seed Heading Plant 
Source d.f. weight date height 
Total 1799 
Replication 2 .1508* 15.37** 1091.00** 
Strains 599 .2231** 30.28** 35.91** 
Among populations 4 2.0053 310.69 1075.15 
Among parents w/populations 20 2.5319** 520.13** 433.67** 
Irradiated Clintland 4 1.9862** 731.22** 782.08** 
Irradiated Beedee 4 3.6211** 300.48** 357.06** 
Hybrid 4 2.1806** 487.66** 23.82 
Irradiated hybrid 4 1.5495** 615.50** 366.38** 
Irradiated hybrid8 4 3.3222** 465.79** 638.99** 
Among families w/parents 
w/populations 275 .1881** 19.54** 24.75** 
Irradiated Clintland 55 .1491** 18-81** 22.14** 
Irradiated Beedee 55 .1310** 4.46** 8.80** 
Hybrid 55 .2364** 36.13** 36.06** 
Irradiated hybrid 55 .1987* 13.04** 26.69** 
Irradiated hybrid8 55 .2254** 25.26** 30.07** 
Among lines w/families 
.0774** w/parents w/populations 300 3.73** 5.76** 
Irradiated Clintland 60 .0599* 5.41** 5.81** 
Irradiated Beedee 60 .0504 1.90* 4. 4o 
Hybrid 60 .0763** 4.67** 4.88* 
Irradiated hybrid^ 60 .1222** 2.77** 6.80** 
Irradiated hybrid8 60 .0783** 3.92** 6.90** 
Error 1198 .0422 1.34 3.4o 
Table 8. Mean squares from the analyses of variance for weight per 100 seeds, 
heading date and plant height from the recurrent selection populations 
Mean squares 
Source d.f, 
Seed 
weight 
Heading 
date 
Plant 
height 
Total 1790 _ 
Replication 2 . 1966** 11.54** 1184.06** 
Strains 596 .1822** 24.02** 25.07** 
Among populations 4 3.4520** 212.29 721.93** 
Among crosses/populations 44 .5019** 150.66** 109.11** 
Irradiated Clintland 9 .2765 103.63** 115.28** 
Irradiated Beedee 9 .4258** 73.43** 26.83* 
Hybrid 8 .5994* 225.45** 89.86** 
Irradiated hybrid^ 9 .7728* 211.03** 123.34** 
Irradiated hybrid8 9 .4458* 148.07** 188.07** 
Among families/crosses 157 .2190** 20.21** 21.13** 
Irradiated Clintland 31 .1985* 24.91 22.64* 
Irradiated Beedee 32 .1222** 17.86** 9.33 
Hybrid 32 .2595** 36.60** 24.74** 
Irradiated hybrid^ 31 .3196** 10.74 17-83 
Irradiated hybrid8 31 .1971** 10.52 31.39** 
Among lines/families 391 .0981** 9.37** 10.07** 
Irradiated Clintland 79 .1106** 15.50** 13.28** 
Irradiated Beedee 78 .0542** 4.95** 5.00* 
Hybrid 76 .0885** 7.15** 8.77** 
Irradiated hybrid"1. 79 .1398** 12.18** 11.66** 
Irradiated hybrid8 79 .0962** 6.95** 11.53**' 
Error 1192 .0370 1.42 3.66 
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differed significantly for all attributes. xhe mean squares 
for seed weight among strains within populations were larger 
than expected since these lines represent a truncated sample 
selected for large seed weight. Of greatest interest in the 
pedigreed population analyses is the high degree of variabil­
ity that existed among lines within the parental strains. All 
of the mean squares were significant except for seed weight 
in irradiated Beedee. These variances probably represent 
nearly the maximum obtainable since the lines tested were 
derived from F5, and M4P5 plants and these would possess 
few heterozygous loci. 
Nearly all of the mean squares from the analyses of the 
recurrent irradiation populations were significant. The seeds 
that were recurrently irradiated were in the Pç^, M4 and M4F5 
generations and thus were expected to carry little potential 
variability from further segregation. Therefore, the signifi­
cant variability among lines within families in these popula­
tion (lines derived from plants of the reirradiation 
treatment) resulted largely from the second cycle of irradia­
tion. In general, the variability in Beedee variety was not 
increased as much by the reirradiation treatment as was that 
in Clintland. 
A crude measure of the effectiveness of a first vs. a 
second irradiation treatments can be obtained by comparing 
the among-lines-within-families mean squares of the hybrid 
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classification (which had received only one irradiation 
treatment) with those of the irradiated hybrid classification. 
In general, the mean squares indicate that the second irradia­
tion treatment was as effective as the first one for increas­
ing variability (Table 7). The mean squares from first and 
second irradiation treatments were 0.0763 and 0.1003, 
respectively, for seed weight, 4.67 and 3.35, respectively, 
for heading date, and 4.88 and 6.85, respectively, for plant 
height. 
Recurrent selection is designed to increase the fre­
quencies of desirable genes in a population. By intercrossing 
selected lines, recombination of genes occurs which permits 
further advance from selection. Judging from the significance 
of the mean squares (Table 8) in the recurrent selection 
materials there is ample opportunity for progress from selec­
tion. As in the recurrent irradiation analyses the irradiated 
Beedee population produced lower mean squares than its Clint­
land counterpart. 
Several systems will be used to compare the relative 
efficiencies of the different breeding methods used herein. 
The first system will make use of variance components which 
measure genetic variability. The genetic variance components 
are more precise than mean squares for making comparisons 
between methods because they are independent of the magnitude 
of the error and other component variances. The analysis of 
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variance model used to calculate the pertinent variance 
components is shown in Table 9. Ratios of the variance 
components for parents plus progenies from the newly developed 
populations to the corresponding variance components from the 
original populations are shown in Table 10. Twelve of the 15 
ratios for 100-seed weight were greater than 1.0 and 2 ratios 
were close to 1.0, indicating that the new populations pos­
sessed more variability for 100-seed weight than did the 
original ones. The five ratios of the recurrent irradiated 
populations were higher than the corresponding ratios of the 
pedigreed populations, whereas the ratios of the recurrent 
selection populations were quite similar to those of the 
pedigreed populations. 
It is difficult to predict the expected ratio of variance 
components between the pedigreed and original populations for 
a selected attribute, because, if selection has been effective, 
the variation among the selected strains should be considera­
bly less than the variation of the original populations. 
Therefore, it is not possible to know whether the pooled ratio 
of 1.34 is higher or lower than expected. However, on the 
assumption of additive gene action the genetic variance among 
lines within the selected parents would be expected to be 75 
percent as great as the variance of the original population. 
The actual pooled value obtained was 66 percent. 
Also, it is impossible to predict the expected ratio for 
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Table 9. Parameters estimated from mean squares from 
analysis of variance of data from the 1963 
experiment 
Source Parameters estimated8. 
Original populations 
Populations < + 2 , 2 r»st + rstop 
Strains w/populations «5 + rffst 
Error „2 
e 
Pedigree selection 
Populations + 
ral+ 
, 2 
r la. + 
t 
2 
rttcy 
P 
Parents w/populations 
A 
+ r"l * rial 
Lines w/parents 
A + -1 
Error < 
Recurrent irradiation 
Populations < + Tat * 2 rlaf + r-tfa^ + rtftcfp 
Parents w/populations < + rat * rtcr| + rtf*2 
Families w/parents + rof + rlçtç 
Lines w/families 4 + Tal 
Error 
2 
tfe 
e = error, r = replications, I = lines, f = families, 
c and t = crosses and parents, respectively, st = strains, 
p = populations. 
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ïaule 9 ^Uonuinuêti) 
Source Parameters estimated 
Recurrent selection 
2 ? 2 2 2 
Populations crg + r<y£ + rt<?^ + r-lf crc + r-tfcc 
o 2 2 2 
Crosses w/populations cr| + rcy^ + + r-Cfac 
. p p 2 
Families w/crosses o"^ + rcr| + rtcrf 
Lines w/families cr2 + rcr2 6 1» 
2 Error o* 
e 
recurrent irradiation populations, but if reirradiation causes 
mutations, an increase in variation might be expected, espe­
cially in light of the variation among selected parental lines 
that was apparent in the pedigreed population. The ratio of 
genetic variances between the recurrent irradiation and 
original populations was 2.01 which was 50 percent greater 
than the similar ratio for the pedigreed method. 
If selection was effective, the variance for a recurrent 
selection population was expected to be reduced. However, for 
seed weight the variance of the recurrent selection popula­
tions was actually larger than that of the original popula­
tions. 
For the unselected attributes, heading date and plant 
height, the pooled ratios of variances for recurrent selection 
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Table 10. Ratios of variance components for parents plus 
progenies of pedigreed, recurrent irradiated and 
recurrent selected populations to the variance 
components of original populations 
Population Pedigreed Recurrent 
irradiation 
Recurrent 
selection 
Irradiated Clintland 
Irradiated Beedee 
Hybrid 
Irradiated hybrid*" 
Irradiated hybrid8 
2.61 
7.34 
0.86 
1.23 
0.72 
Seed weight 
2.73 
10.22 
1.68 
1.32 
1.91 
2.20 
3.45 
1.21 
1.63 
0 . 9 2  
Pooled ratio 1.34 2.01 1.39 
Heading date 
Irradiated Clintland 33.67 
Irradiated Beedee 1.73 
Hybrid 1.23 
Irradiated hybrid 1.34 
Irradiated hybrid8 1.33 
38.73 
1.65 
1.36 
0.93 
0.92 
23.76 
1.45 
1.11 
0.79 
0.80 
Pooled ratio 1.57 1.38 1.00 
Plant height 
Irradiated Clintland 23.65 
Irradiated Beedee 2.95 
Hybrid 0.54 
Irradiated hybrid*" 1.53 
Irradiated hybrid8 1.58 
32.79 
4.63 
0.95 
1.26 
1.84 
16.14 
0.97 
0.75 
0.87 
1.26 
Pooled ratio 1.77 1.85 1.13 
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for the pedigreed to original populations were 1.57 and 1.77 
for heading date and plant height, respectively. These values 
are near to 1.75 which is the expected ratio for a random 
attribute. The ratios for the recurrent irradiation popula­
tions were similar to those for the pedigreed ones. 
The pooled variance component ratios (Table 10) show the 
pedigreed method to be very favorable for selection purposes 
when compared to the recurrent irradiation and recurrent 
selection. However, the total variance of the pedigreed 
method is already expressed, but the other two breeding 
methods possess potential variance which would be released 
upon further propagation. 
The relative magnitude of the variances from the differ­
ent categories into which the progenies could be placed is of 
interest (Table 11). For recurrent irradiation, variances 
tended to decrease in magnitude from parents to families to 
lines, whereas for recurrent selection a large proportion of 
the variance was among lines within families. 
The genetic variation from recurrent irradiation and 
recurrent selection populations were compared to that of the 
pedigreed populations by calculating the mean square and 
variance component ratios for families plus lines (excluding 
variances for parents and crosses) (Table 12). The ratios 
for the pooled mean squares were similar for recurrent 
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Table 11. The variance components for populations, parents or cro 
the original populations and the breeding methods 
Seed -weight' 
Source a b c d 
Among populations .0029 -.0015 .0083 
Among parents or crosses 
.0326 ^/populations .0309 .0209 .0077 7. 
Irradiated Clintland e01?0 .0106 .0256 .0022 • 
Irradiated Beedee .0065 .0472 .0503 .0085 2. 
Hybrid .0388 .0101 .0270 .0087 9-
Irradiated hybrid" .0419 .0244 .0192 .0128 11. 
Irradiated hybrid5 .04-19 .0121 .0435 .0069 11. 
Among families w/parents 
or crosses .0205 .0185 .0141 
Irradiated Clintland .0338 .0149 .0100 
Irradiated Beedee .0005 .0134 .0079 
Hybrid .0232 .0267 .0200 
Irradiated hybrid .0272 .0128 .0205 
Irradiated hybrid8 .0181 .0245 .0115 
Among lines w/families .0111 .0211 
Irradiated Clintland .0059 .0252 
Irradiated Beedee .0027 .0000 
Hybrid .0114 .0181 
Irradiated hybrid .0233 .0351 
Irradiated hybrid8 .0120 .0202 
a, b, c and d designate the original populations, pedigree s 
selection, respectively. 
•ents or crosses, families and lines for Lhi-ee attributes free 
thods 
Heading date Plant height 
d~ a b c d a b c d 
>083 -I.50 -.58 .17 1.30 1.79 1.71 
>077 7.53 9.09 6.97 3.57 5.21 6.89 5.69 2.41 
)022 .34 8.55 9.92 2.20 0.43 11.02 IO.58 2.59 
)085 2.96 4.24 4.26 1.55 1.51 4.02 5.01 .49 
)087 9.26 6.85 6.27 4.86 7.11 .51 -.02 1.68 
)128 11.59 13.20 8.60 5.64 7.39 9.30 4.84 2.97 
>069 11.59 12.35 6.19 3.82 7.39 9.27 8.55 4.36 
>141 2.75 2.64 1.25 2.32 3.17 1.27 
>100 2.90 2.23 1.07 3.45 2.72 1.07 
>079 .87 .43 1.51 .44 
.73 .51 
>200 4.54 5.25 3.44 3.34 5.20 1.87 
>205 2.36 1.71 -.16 • 1.98 3.32 .70 
>115 3.10 3.56 .41 2.38 3.86 2.26 
>211 .80 2.74 
.79 2.21 
>252 1.02 4.81 .80 3.28 
>o6o 
.19 1.23 
.33 .47 
)181 1.11 2.01 
.49 1.79 
)35l .48 3.67 1.13 2.73 
>202 .86 1.89 1.23 2.69 
pedigree selection, recurrent irradiation and recurrent 
Table 12. Ratios of families plus lines mean squares and their variance components 
from recurrent irradiated and recurrent selected to pedigree selected 
populations 
Mean squares ratio Variance components ratio 
Population Recurrent Recurrent Recurrent Recurrent 
irradiation selection irradiation selection 
Irradiated Clintland .72 
Irradiated Beedee 2.08** 
Hybrid . 1.38* 
Irradiated hybrid 1.29 
Irradiated hybrid8 1.55** 
Pooled ratio 1.27** 
Irradiated Clintland 1.17 
Irradiated Beedee .78 
Hybrid 1.31 
Irradiated hybrid^ .90 
Irradiated hybrid 1.32 
Pooled ratio 1.17* 
Irradiated "Clintland .96 
Irradiated Beedee 1. 24 
Hybrid 1.42* 
Irradiated hybrid*" 1.65** 
Irradiated hybrid8 1.62** 
Pooled ratio 1.37** 
Seed weight 
.95 .62 1.04 
1.73** 32.20 27.80 
1.25 1.28 1.64 
1.55** 1.33 1.75 
1.30 2.02 2.04 
1.27** 1.44 1.72 
Heading.date 
1.80** 1.12 2.02 
2.17** .71 3.15 
1.06 1.40 1.20 
1.39* .93 1.49 
.74 1.42 .74 
1.29** 1.25 1.45 
Plant height 
1.12 1.21 1.50 
1.20 2.40 2.23 
.97 1.70 1.10 
1.36* 2.25 1.73 
1.55** 2.14 2.08 
1.22** 1.71 1.50 
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cantly more efficient than the pedigreed method. The pooled 
ratios for the variance components showed a similar but more 
pronounced superiority of recurrent selection and recurrent 
irradiation. 
Another way to evaluate the effectiveness of breeding 
methods is to compare the means of populations developed by 
these methods with the corresponding means for the original 
populations. The mean 100-seed weight for the selected 
parents was significantly higher than that of the original 
population in each case (Table 13). Within any source of 
lines, there were no significant differences among the seed 
weight means for the three breeding methods. The parental 
means against which the breeding method population means were 
compared varied with the breeding method. In no case did the 
population means for the pedigreed and the recurrent selection 
populations differ from the means of the five selected parents. 
The mean seed weights for the recurrent selection populations 
differed from the sampled parents mean in only one case, the 
radiated hybrid8. Thus, the genetic advance from selection 
was maintained with each breeding method. 
A third way to evaluate the effectiveness of the breeding 
methods is to compare the expected and actual advances from 
selection for 100-seed weight. Expected and actual advances 
expressed in percent of the means of the original population 
Table 13# Population means and ranges for weight per 100 seeds from the original populations, 
the parents and the breeding methods1 
Selected Sampled Pedigree Recurrent Recurrent 
Population Original 5 parents 5 parents selection irradiation selection 
Irradiated Clintland 2.6o° _ 2.88ab 
a 
3.01 2.94*b 2.83b 2.93ab 
(2.33-2.97) (2.63-3.03) (2.85-3.15) (2.43-3.54) (2.35-3.35) (2.56-3.67) 
Irradiated Beedee 2.59b 2.85* 2.85* 2.80% 2.86% 2.76* 
(2.29-2.84) (2.71-3.14-) (2.69-3.32) (2.33-3.35) (2.39-3.55) (2.35-3.25: 
Hybrid 2.64b 
a 
2.90 2.92* 2.92* 2.87* 2.95* 
(2.23-3.04) (2.71-3.04.) (2.67-3.20) (2.36-3.39) (2.18-3.81) (2.41-3.79: 
Irradiated hybrid^ 2.63° 2.94ab 2.88b 3.04* 3.02ab 3.oiab 
(2.20-3.13) (2.79-3.02) (2.72-3.11) (2.44-3.83) (2.20-3.85) (2.32-3.72j 
Irradiated hybrid3 2.63e 2.90ab 3.04* 2.95ab 2.94*b 2.85b 
(2.20-3.13) (2.79-3.13) (2.66-3.19) (2.52-3.57) (2.32-3.58) (2.31-3.34: 
Clintland 2.57 
(2.29-2.91) 
Beedee 2.76 
(2.62-2.99) 
"Sfeans with the same letter superscript within each population belong to the same 
significance group according to Duncan's Multiple Range Test (1955)• 
^Values between parentheses represent the ranges. 
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are given in Table 14. The expected advances from selection 
in the original populations were calculated with the following 
formula (Johnson et al., 1955): 
Expected genetic advance = k (genetic coefficient of 
variability x square root of heritability), 
where k is the intensity of selection and equals 2 (p is 
the proportion of lines selected from the original population 
expressed on a standard unit basis and z is from Kelley's 
Tables (194-8) for 1 - p. The genetic coefficients of varia­
bility and heritability percentages were taken from Krull 
(1960). 
Within each source population the expected and actual 
gains agreed closely, except for irradiated Clintland, where 
the expected advance was lower than those actually obtained. 
In this latter case both the genetic variability and herita­
bility were probably underestimated by Krull (I960). No 
breeding method seemed to be consistently more effective than 
the others in shifting the population means. The differential 
between the mean seed weight of the selected sample used as 
parents and that of the original source populations was sig­
nificant in each case, and the mean seed weights of popula­
tions generated by the three breeding methods were in no case 
significantly different from the parental means. Herein the 
three breeding methods appeared to give equivalent success and 
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Table 14. Expected and actual advances (in percent ox the 
original population means) from selection for 
weight per 100 seeds 
Actual advance 
Population Expected Pedigree Recurrent Recurrent 
advance selection irradiation selection Mean 
Irradiated 
Clintland 4 13 9 13 12 
Irradiated 
Beedee 8 8 10 7 8 
Hybrid 12 11 9 12 11 
Irradiated 
hybrid^ 17 16 15 15 15 
Irradiated 
hybrids - 12 12 8 11 
opportunity for additional selection. However, the variabil­
ity found for the pedigreed method is nearly the maximum pos­
sible for this method since it is represented by lines with 
little internal heterogeneity. On the other hand, the lines 
within families tested from the recurrent irradiation and 
recurrent selection methods were derived from Mg and Fg Plants 
that would carry many heterozygous loci. After several 
generations of propagation under selfing, additional varia­
bility would be available for selection within the lines. 
There was little difference in the weight per 100 seeds 
for the highest line in each method. The line with the 
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highest mean seed weight in the pedigreed method weighed 5.63 
gma. per 100 seeds, for the recurrent irradiation method it 
was 3.85 and for the recurrent selection method it was 3.79 
(Table 13). 
Krull (I960) suggested that induced variability was 
equally as heritable as that derived from hybridization. The 
data presented in Table 14 substantiate Krull's conclusion. 
The relationship between the expected and actual gains from 
selection were as good for the irradiation derived populations 
as for hybrid population. The only discrepancy was for 
irradiated Clintland where the expected gain was obviously 
underestimated. In addition, the expected and actual gains 
were highest in the irradiated hybrid*' population. 
Even though induced and natural variability has appeared 
to be equally heritable in a direct selection program there 
has been some question whether the induced variability could 
be used successfully in a hybridization program. This ques­
tion is especially pertinent if the induced variability is due 
in part to chromosome mutations. Herein, the induced and 
natural variability sources were used with equal success in 
the recurrent selection program. Therefore, it appears that 
the induced and natural variability for seed weight both can 
be used in the same way in a plant breeding program and may 
also be used to complement one another. 
The frequency distributions for 100-seed weight for the 
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methods are presented in Figures 1-10, and skewness and 
kurtosis (Snedecor, 1956) for the distributions are given in 
Table 15. Five skewness values and one kurtosis value were 
significant. There was a tendency for positive skewness in 
all of the populations derived from the pedigreed, recurrent 
irradiation, and recurrent selection breeding methods. Posi­
tive skewness indicates an excess of measurements lower than 
the mean generally associated with an excessive range of 
values greater than the mean. Four of the five original 
populations had low negative skewness values. Only one of the 
frequency distributions had a significant shift in skewness 
when compared to the original populations (Table 16). Kur­
tosis values for the frequency distributions were about half 
positive and half negative. There were no significant shifts 
in kurtosis values for 100-seed weight (Table 16). 
No selection was practiced for heading date and plant 
height, so the oat lines tested herein represented random 
samples for these attributes. There were no significant dif­
ferences between the heading date and plant height means of 
the populations derived from the different breeding methods 
and the means of the original populations (Table 17 and 18)• 
Neither were there significant differences between the means 
of the selected parents and the means of the derived progenies. 
The frequency distributions for heading date and plant height 
Figure 1. Frequency distributions for 100-seed weights 
of oat lines from the original, pedigreed and 
the recurrent irradiation populations derived 
from irradiated Clintland 
Figure 2. Frequency distributions for 100-seed weights of 
oat lines from the original and the recurrent 
selection populations derived from irradiated 
Clintland 
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Figure 3. Frequency distributions for 100-seed weights 
of oat lines from the original, pedigreed and 
the recurrent irradiation populations derived 
from irradiated Beedee 
Figure 4. Frequency distributions for 100-seed weights 
of oat lines from the original and the 
recurrent selection populations derived from 
irradiated Beedee 
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Figure 5 .  Frequency distributions for 100-seed weights 
of oat lines from the original, pedigreed and 
the recurrent irradiation populations derived 
from the hybrid of Beedee x Clintland 
Figure 6. Frequency distributions for 100-seed weights of 
oat lines from the original and the recurrent 
selection populations derived from the hybrid 
of Beedee x Clintland 
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Figure 7. Frequency distributions for 100-seed weights 
of oat lines from the original, pedigreed and 
the recurrent irradiation populations derived 
from the irradiated hybrid^ of Beedee x 
Clintland 
Figure 8. Frequency distributions for 100-seed weights 
of oat lines from the original and the 
recurrent selection populations derived from 
the irradiated hybrid^ of Beedee x Clintland 
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Figure 9. Frequency distributions for 100-seed weights 
of oat lines from the original, pedigreed and 
the recurrent irradiation populations derived 
from the irradiated hybrid8 of Beedee z 
Clintland 
Figure 10. Frequency distributions for 100-seed weights 
of oat lines from the original and the recurrent 
selection populations derived from the irradi­
ated hybrid8 of Beedee x Clintland 
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Table 15. Skewness and kurtosis values for the frequency distributions of 
100-seed weights in populations derived by different breeding methods 
Population Original 
Pedigree 
selection 
Recurrent 
irradiation 
Recurrent 
selection 
Skewness 
Irradiated Clintland +.0212 +.0840 +.0228 +.6018** 
Irradiated Beedee —•0330 +.5781** +.3056 +.2167 
Hybrid -.1102 -.5165* +.4455* +.6099** 
Irradiated hybrid -.0332 +.1523 —.0463 +.3562 
Irradiated hybrids -.0332 +.3488 +.2490 +.1161 
Kurtosis 
Irradiated Clintland +.1077 -.4194 -.9355* +.5000 
Irradiated Beedee -.1818 -.0667 -.7659 -.0909 
Hybrid à +.5926 -.0010 +.6379 +.7647 
Irradiated hybrid -.7246 +.0810 +.5106 -.2131 
Irradiated hybrid8 -.7246 -.0556 -.5974 -.3200 
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Table 16. The "t" values for differences in skewness and 
kurtosis values between the 100-seed weight 
frequency distributions of original populations 
and populations derived by different breeding 
methods 
Pedigree Recurrent Recurrent 
Population selection irradiation selection 
Skewness 
Irradiated Clintland +0.16 +0.04 +1.50 
Irradiated Beedee +1.58 +0.87 +0.64 
Hybrid -1.13 +0.94 +1.99* 
Irradiated hybrid'0 +0.52 -0.04 +1.09 
Irradiated hybrid8 +1.07 +0.79 +0.42 
Kurtosis 
Irradiated Clintland -0.69 -1.24 +0.51 
Irradiated Beedee +0.15 -0.77 +0.12 
Hybrid J -0.84 +0.06 +0.24 
Irradiated hybrid +1.14 +1.74 +0.72 
Irradiated hybrid8 +0.94 +0.18 +0.57 
are presented in Figures 11-26. Radiated hybrid*' and radiated 
hybrid8 populations were grouped into one distribution. 
In calculating heritability percentages it was assumed 
that parents within populations and families and lines vari­
ance components would be available for practicing selection. 
The heritability percentages were calculated from variance 
components on a single plot basis and thus, were not con­
founded by number of replications. In general, the herita­
bility percentages were somewhat larger in the new than in the 
original populations, especially where original populations 
had low heritabilities (Table 19). Recurrent irradiated 
Table 17. Population means and ranges for heading date from the original populations, the 
parents and the breeding methods-L 
Selected Sampled Pedigree Recurrent Recurrent 
Population Original 5 parents 5 parents selection irradiation selection 
Irradiated Clintland 11.2 - 11.7 11.7 11.9 12.5 11.2 
(9.0-13.3) (8.7-15.0) (8.3-13-3) (7.3-19.7) (7.0-19.7) (6.3-18.7) 
Irradiated Beedee 12.4 12.3 12.9 12.6 12.8 12.6 
(9.7-17.3) (9.3-14.7) (10.7-15.0) (7.3-I7.7) (9.0-18.0) (7.7-19.0) 
Hybrid 10.8 10.9 10.4 11.8 12.5 11.1 
(5.7-17.3) (9.3-15.7) (7.3-14.0) (6.0-19.7) (6.0-22.0) (6.0-17.0) 
Irradiated hybrid*' 11.9ab 10.3b 13.7* 12.8ab 10.7b 11.8ab 
(4.7-19.3) (6.3-13.7) (9.7-16.3) (7.0-20.3) (6.0-20.0) (7.0-18.7) 
Irradiated hybrid5 I1.9ab 12.3* 9.5b 11.4ab 13.0a 10.6* 
(4.7-19.3) (7.7-14.7) (7.3-12.7) (5.7-20.3) (7.3-20.7) (6.0-17.0) 
Clintland 11.4 
(9.3-13.7) 
Beedee 12.1 
(11.0-13.3) 
^Msans with the same letter superscript within each population belong to the same 
significance group according to Duncan's Multiple Range Test (1955). 
^Values between parentheses represent the ranges. 
Table 18» Population means and ranges for plant height from the original populations, the 
parents and the breeding methods 
Selected Sampled Pedigree Recurrent Recurrent 
Population Original 5 parents 5 parents selection irradiation selection 
Irradiated Clintland 36.9 , 39.1 38.1 39.4 38.9 39.0 
(33.o-4o.o) (35.7-43.0) (35.3-43.7) (30.7-49.0) (31.7-46.3) (31.7-45.7) 
Irradiated Beedee 36.1 35.3 35.2 34.8 34.2 35.0 
(32.7-38.7) (30.0-38.3) (33.7-37.3) (30.3-39.0) (27.3-39.7) 
c*
\ ON 0
 
1—1 CN 
Hybrid 36.4 39.3 37.3 37.4 37.0 36.6 
(31.0-44.7) (37.3-41.0) (36.3-38.3) (32.0-43.3) (31.3-43.3) (31.3-42.7) 
Irradiated hybrid^ 36.8 37.0 37.9 37.4 35.8 37.0 
(31.0-43.7) (34.0-38.0) (36.0-40.0) (30.3-43.3) (30.7-42.7) (31.0-45.0) 
Irradiated hybrid5 36.8 38.9 37.0 37.6 36.9 37.0 
(31.0-43.7) (33.0-43.0) (33.7-41.0) (30.0-43.3) (29.7-43.7) (29.7-46.7) 
Clintland 36.9 
(33.7-39.0) 
Beedee 37.7 
(35.0-40.3) 
aValues between parentheses represent the ranges. 
Figure 11. Frequency distributions for heading dates of 
oat lines from the original, pedigreed and the 
recurrent irradiation populations derived from 
irradiated Clintland 
Figure 12. Frequency distributions for heading dates of 
oat lines from the original and the recurrent 
selection populations derived from irradiated 
Clintland 
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Figure 13. Frequency distributions for heading dates of 
oat lines from the original, pedigreed and the 
recurrent irradiation populations derived from 
irradiated Beedee 
Figure 14. Frequency distributions for heading dates of 
oat lines from the original and the recurrent 
selection populations derived from irradiated 
Beedee 
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Figure 15. Frequency distributions for heading dates of 
oat lines from the original, pedigreed and the 
recurrent irradiation populations derived from 
the hybrid of Beedee x Olintland 
Figure 16. Frequency distributions for heading dates of 
oat lines from the original and the recurrent 
selection populations derived from the hybrid 
of Beedee x Olintland 
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Figure 17. Frequency distributions for heading dates of 
oat lines from the original, pedigreed and the 
recurrent irradiation populations derived from 
the irradiated hybrid of Beedee x Olintland 
Figure 18. Frequency distributions for heading dates of 
oat lines from the original and the recurrent 
selection populations derived from the irradi­
ated hybrid of Beedee x Olintland 
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Figure 19. Frequency distribution for plant heights of 
oat lines from the original, pedigreed and the 
recurrent irradiation populations derived from 
irradiated Olintland 
Figure 20. Frequency distributions for plant heights of 
oat lines from the original and the recurrent 
selection populations derived from irradiated 
Olintland 
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Figure 21. Frequency distributions for plant heights of 
oat lines from the original, pedigreed and the 
recurrent irradiation populations derived from 
irradiated Beedee 
Figure 22. Frequency distributions for plant heights of 
oat lines from the original and the recurrent 
selection populations derived from irradiated 
Beedee 
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Figure 23. Frequency distributions for plant heights of 
oat lines from the original, pedigreed and the 
recurrent irradiation populations derived from 
the hybrid of Beedee % Olintland 
Figure 24. Frequency distributions for plant heights of 
oat lines from the original and the recurrent 
selection populations derived from the hybrid 
of Beedee x Olintland 
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Figure 25. Frequency distributions for plant heights of 
oat lines from the original, pedigreed and the 
recurrent irradiation populations derived from 
the irradiated hybrid of Beedee x Olintland 
Figure 26. Frequency distributions for plant heights of 
oat lines from the original and the recurrent 
selection populations derived from the irradi­
ated hybrid of Beedee x Olintland 
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populations tended, to give the hignest average heritab!litles 
across populations. Heritability percentages were the highest 
for heading date and lowest for seed weight. 
The genetic correlations (Kempthorne, 1957) among the 
characters heading date, plant height, and weight per 100 
seeds are presented in Table 20. In general, the genetic 
correlations between heading date and plant height were posi­
tive. The genetic correlations between heading date and seed 
weight were negative in 17 of 20 cases, but most of them were 
low. For plant height and seed weight, the genetic correla­
tions were both negative and positive, but they were low in 
magnitude. 
Expected Genetic Advance 
The magnitude of genetic advance from selection for an 
attribute in a population is a function of three factors: 
(a) intensity of selection, (b) amount of the genetic varia­
bility present in the population, and (c) heritability of the 
character. Even if the heritability is high, little actual 
progress can be made from selection if the genetic variability 
is low. 
Expected genetic advances were calculated for each of the 
populations generated by the three breeding methods. These 
are projected gains which should be realized above the means 
Table 19. Heritability percentages of heading date, plant height and weight per 
100 seeds measured in different populations 
Population Original 
Pedigree 
selection 
Recurrent 
irradiation 
Recurrent 
selection 
Seed -weight 
Irradiated Olintland 
Irradiated Beedee 
Hybrid . 
Irradiated hybrid 
Irradiated hybrid8 
Pooled 
Irradiated Olintland 
Irradiated Beedee 
Hybrid 
Irradiated hybrid^ 
Irradiated hybrid8 
Pooled 
Irradiated Olintland 
Irradiated Beedee 
Hybrid 
Irradiated hybrid 
Irradiated hybrid8 
Pooled 
36 
17 
56 
58 
58 
50 
20 
69 
87 
90 
90 
85 
10 
26 
64 
65 
65 
57 
52 
53 
45 
56 
42 
50 
89 
79 
89 
92 
92 
89 
79 
53 
50 
74 
75 
70 
52 
61 
61 
57 
65 
60 
Heading date 
91 
78 
90 
89 
89 
89 
Plant height 
81 
64 
63 
73 
80 
74 
50 
38 
56 
65 
51 
54 
85 
75 
88 
85 
81 
84 
65 
27 
59 
64 
72 
61 
Table 20. Genetic correlations among the characters, heading date, plant height 
and weight per 100 seeds on the basis of progenies within populations 
Population Original 
Pedigree 
selection 
Recurrent 
irradiation 
Recurrent 
selection 
Heading date and plant height 
Irradiated Olintland -.46 .50 .52 .61 
Irradiated Beedee .45 .23 .23 .45 
Hybrid # • 78 .78 .42 .76 
Irradiated hybrid .63 .36 .43 .45 
Irradiated hybrids .63 .51 .34 .34 
Heading date and seed weight 
Irradiated Olintland -1.27 -.44 -.24 -.26 
Irradiated Beedee -.02 -.73 -.26 -.09 
Hybrid f -.13 -.10 -.26 -.13 
Irradiated hybrid -.23 .15 .22 .02 
Irradiated hybrid8 -.23 -.04 -.07 — • 18 
Plant height and seed weight 
Irradiated Olintland .16 -.20 .12 -.21 
Irradiated Beedee .01 -.17 .11 .02 
Hybrid .03 -.35 -.05 .14 
Irradiated hybrid^ .02 -.10 .19 .29 
Irradiated hybrid8 .02 —. 26 .34 -.15 
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of the present populations. The lines selected in a given 
population would exceed the population mean "by 2.06 times the 
standard deviation. The following formula (Johnson et al., 
1955) was used to predict the expected genetic advance from 
selection: 
Expected genetic advance = 2.06 (genetic coefficient 
of variability x square root of heritability). 
Genetic variance components for lines within families, fami­
lies within parents, and parents within populations were used 
to estimate the genetic coefficient of variability and the 
heritability percentages were taken from Table 19. The 
expected genetic advances expressed in percent of the popula­
tion means are presented in Table 21. It should be remembered 
that the expected genetic advances from selection in the pedi­
greed, recurrent irradiation and recurrent selection are in 
addition to the gain already realized from one cycle of selec­
tion in the original populations. The expected genetic 
advances from selection for 100-seed weight and plant height 
in the populations developed from the three breeding methods 
are generally equal to or larger than those expected in the 
original populations. Recurrent irradiation populations 
tended to give the greatest expected genetic advances because 
they had the highest heritability percentages (Table 19) and 
the highest genetic variance components (Table 11). In three 
Table 21. Mean expected genetic advance (in percent of the population mean) from 
selection for weight per 100 seeds and plant height in the different 
populations 
Mean of 
Pedigree Recurrent Recurrent breeding: 
Population Original selection irradiation selection methods 
Seed weight 
Irradiated Olintland 
Irradiated Beedee 
Hybrid , 
Irradiated hybrid 
Irradiated hybrid® 
Mean 
6 
3 
12 
12 
8 
11 
12 
9 
12 
8 
10 
il 
15 
14 
12 
16 
14 
10 
7 
12 
14 
10 
11 
11 
11 
12 
13 
11 
Plant height 
Irradiated Olintland 1 18 18 10 15 
Irradiated Beedee 4 9 13 4 9 
H y b r i d  , 1 2  8  1 0  1 0  9  
Irradiated hybrid 12 16 15 11 14 
Irradiated hybrid8 - 16 18 14 16 
Mean 7 13 15 11 
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of five populations recurrent selection gave a greater 
expected advance for lOO-seed weight than did the pedigreed 
populations. Pedigreed and recurrent irradiation populations 
were equally promising for selection for plant height and were 
superior to either the original or the recurrent selection 
populations. 
There are three very significant features about the 
expected genetic advances in the populations derived from the 
three breeding methods. First, the expected advance from 
selection for either seed weight or plant height were very 
large. Mean advances for seed weight were 10, 11, and 14 
percent of the population means for the pedigreed, recurrent 
selection, and recurrent irradiation populations, respectively. 
Similar values for plant height were 13, 11 and 15 percent, 
respectively. Secondly, for 100-seed weights the expected 
gains in the second selection cycle were actually greater than 
that expected in the original populations. This fact is even 
more significant because the populations derived from the 
three breeding methods are constituted from materials that 
were actually selected. Thirdly, the actual genetic advances 
from selection (Table 14) and the expected advances from a 
second cycle of selection (Table 21) for 100-seed weight are 
as large in the populations derived from irradiation of the 
pure line varieties (Olintland and Beedee) as they are in the 
hybrid populations. The greatest actual and expected genetic 
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advances from selection for ICC-seed weight generally occurred 
in the irradiated hybrid populations. 
The parents used in the recurrent selection program of 
this study were either M2, F^ or ^ 2^3 derived lines. That is, 
each parental strain was the bulk progeny from a plant selected 
in these generations. The intercrosses for the recurrent 
selection phase were made among randomly selected plants of 
these strains when they were in the F^ and M4F5 genera­
tions. As shown by the data from the pedigreed populations 
the parental strains possessed considerable genetic variability 
(Table 6 and 10). Therefore, a model was constructed to deter­
mine what magnitude of advance could have been expected if the 
highest seed-weight line from each parental strain had been 
used instead of random plants to make the recurrent selection 
intercrosses. The five high seed weight lines had to include 
one from each parent to insure five different sources of 
germplasm. The 100-seed weights of the oat lines that would 
have been used in this model are given in Table 22. 
The expected genetic advances from selecting the lines 
shown in Table 22 were calculated by multiplying the differ­
ential between the mean 100-seed weight of the five lines 
selected from a population and the mean of that population by 
the heritability percentage (Table 23). This would give the 
expected gain from recurrent selection beyond the means of the 
pedigreed populations. The expected genetic advances from 
93 
Table 22. The highest 100-seed weight from each parent in 
the pedigreed populations 
Parent 
Irradiated 
Olintland 
Irradiated 
Beedee Hybrid 
Irradiated 
hybrid*' 
Irradiated 
hybrid8 
1 3.53 3.53 3.15 3.50 3.21 
2 3.54 2.97 3.33 3.30 3.4o 
3 3.26 2.97 3.18 3.26 3.57 
4 3.27 2.97 3.31 3.83 3.30 
5 3.50 2.88 3.39 3.45 3.30 
Mean 3.42 3.03 3.27 3.47 3.36 
Table 23. Mean genetic advances from one cycle of recurrent 
selection (in percent of the original population) 
using the lines with the highest 100-seed weights 
in the pedigreed populations 
Actual 
advance Expected genetic advance 
Population from Recurrent Pedigree selec-
pedigree selection tion + recurrent 
selection selection 
Irradiated Olintland 13 10 23 
Irradiated Beedee 8 5 13 
Hybrid 11 6 17 
Irradiated hybrid*' 16 9 25 
Irradiated hybrid8 12 7 19 
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recurrent selection where these highest seed weight lines were 
used as parents for the intercrosses were obtained by adding 
the advances expected from pedigree and recurrent selection 
(last column of Table 23). The expected gains from this 
combination of pedigreed and recurrent selection methods 
ranged from 13 percent for the irradiated Beedee source to 25 
percent for the irradiated hybrid*' source. It would appear 
that the physiological limit for seed size has not been 
reached. The greatest deterent to using recurrent selection 
upon oats is the difficulty in making a sufficient number of 
intercrosses. Crossing oats is a laborious and expensive 
process. With these considerations it would seem desirable to 
sacrifice the speed with which recurrent selection cycles 
could be made for the advantage gained from one cycle of 
pedigreed selection within parental lines between intercross 
cycles. 
Expected Genetic Variability 
Gregory (1956b) has proposed that irradiation-induced 
variance and hybridization variance are additive. The total 
genetic variances expected from different numbers of irradia­
tion treatment in combination with hybridization were con­
structed (Table 24). The check is the sum of the genetic 
variances of the non-irradiated parental varieties and the 
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Table 24. Expected genetic variances for seed weight, head­
ing date and plant height from combining hybridi­
zation with different numbers of thermal neutron 
treatments 
Variance components8. Seed weight Heading Plant height 
date 
<y2 + 2 + a2 .0395 11.86 4.15 
1 dose 
,P1 T UP0 T h 
<4p2 + (ïp + (fg .0777 22.90 18.62 
Op^ + °NP2 + °H .0842 16.92 8.31 
tff + dp2 + .0713 13.09 11.95 
Mean .0777 17-64 12.96 
2 doses 
+ tfNP2 + °H -1224 27.96 22.78 
*QP^ + (fp + ^  .1095 24.1) 26.42 
°P + crNP2 + °NH .1160 18.15 16.11 
atfp , Op , 0^ denotes variance from Olintland, Beedee 
1 2  p o p  
and their hybrid populations, respectively, tfjjp » cr^p , tr*H 
denotes variance from one cycle irradiated-Olintland, 
-Beedee and, their -hybrid populations, respectively. tf^NP ' 
P P 1 
denotes variance from two cycles irradiated-
2 2HH 
Olintland, -Beedee and their -hybrid populations, respec­
tively. 
Table 24 (Continued). 
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Variance componentsa Seed weight Heading Plant height 
date 
2 2 
*2NPi + % .0797 
24.62 18.25 
2 2 
% + *2N?2 
+ 4 .1059 16.69 9.92 
2 2 
^P + (Jp + 
^1 2 
2 
2NH .0862 11.07 13.94 
Mean .1033 20.44 
3 doses 
17.90 
2 2 
^NP-L + *N?2 + ^NH .1542 29.19 30.58 
2 2 
2NPi ffNP2 + ffH 
.1244 29.68 22.41 
_2 ^ 2 
NP1 + *2NPg 
+ «H .1441 27-73 24.39 
ffHP1 + »i2 + „
2 
2NH 
.1244 22.11 28.41 
2 2 
^ + tfNP2 + 
rt2 
2NH .1309 15.86 18.10 
Mean .1356 24.91 
4 doses 
24.78 
*NPl + *NP2 + 4m 
.1691 26.17 32.57 
d2NP1 + Sp2 + °NH 
.1562 30.91 30.21 
2 2 
^NP^ + a2NP2 
2 
+ aNH .1759 28.96 33.18 
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Table 24 (Continued). 
Variance components9" Seed weight Heading 
date 
Plant height 
2 2 2 
+ *2NPg + .1461 29.45 24.02 
2 2 2 
(*2NP1 + + 
.1264 23.83 28.04 
2 2 2 
% + *2N?2 + °r2NH 
.1526 15.59 19-71 
Mean .1544 25.82 27.96 
hybrid (among F2 derived lines). When one dose of thermal 
neutron treatment was added through either one parent or the 
hybrid the mean genetic variance when compared to the check 
for seed weight was nearly doubled (.0777 vs. .0395), for 
heading date it was increased by 50 percent (17.64 vs. 11.86), 
and for plant height it was tripled (12.96 vs. 4.15). Two 
doses of irradiation could be added to the check through a 
single treatment of two of the check components or through 
recurrent irradiation of one check component. For the situa­
tions of three and four doses no component, i.e., parental 
variety or hybrid was ever considered to have received more 
than two doses of irradiation treatment. 
The magnitude of increase in genetic variance from apply­
ing additional doses of irradiation was diminishing as two, 
three and four doses were applied (Tables 24 and 25). The 
98 
Table 25. Mean genetic coefficient of variability for 100-
seed weight and plant height from progenies of 3 
genotypes (P-^, P^, H) treated with different 
dosage of radiation3. 
Mean genetic coefficient of variability 
Dosage Seed weight Plant height 
None 1.43 1.11 
1 dose 2.76 3.49 
2 dose 3.65 4.84 
3 dose 4.79 6.70 
4 dose 5.46 7.55 
^P^» Pg and H are Glintland, Beedee and their hybrid, 
respectively. 
mean genetic variances for seed weight and plant height were 
increased with each additional irradiation treatment through 
four doses whereas heading date was approaching a celling with 
three doses. The differential response among attributes may 
depend on the relative complexity of inheritance of the 
attributes. Seed weight and plant height are quantitative 
attributes which involve more genes than does heading date. 
Therefore, a greater total irradiation dosage may be needed 
to attain saturation of mutations for seed weight and plant 
height than would be required for heading date. 
The actual genetic variance for the 3 attributes shown 
0 2 in Table 26 represent and crgNH of "the irradiated and 
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Table 26. Actual and predicted, genetic variances for seed 
weight, heading date and plant height from 
combining hybridization with irradiation 
Attribute Actual Predicted 
Actual of 
Predicted 70 
1 dose 
Seed weight 00.0651 00.0748 87 
Heading date 12.63 19.45 65 
Plant height 11.65 13.17 88 
Mean 8.12 10.90 74 
2 doses 
Seed weight 00.0800 00.0866 92 
Heading date 10.61 20.15 53 
Plant height 13.64 13.79 99 
Mean 8.11 11.34 72 
recurrent irradiated hybrid populations, respectively. The 
predicted comparable values (Table 26) were calculated from 
the following formulas: 
Predicted (<yuP1 ~ *P^ + ^NP2 * ^ P^ 3 + <*H 
and 
Predicted ^  = §[ <<4^ - - <s\) ] + 4 
For 100-seed weight and plant height the actual genetic 
variances were 90 percent of the predicted values across 
dosage, whereas for heading date it was 60 percent. The 
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comparable value that Gregory (1961) found for yield was re­
percent. 
Sterility of Oat Lines between 
the Breeding Methods 
The mean sterility percentages (Table 27) among the three 
breeding methods and the check were not significant. However, 
there were instances of significant variation for sterility 
percentages among lines within populations, even for the 
original populations (Table 28). 
Correlations (Snedecor, 1956) between 100-seed weight 
and sterility percentage were calculated among lines within 
populations from the checks and the breeding methods (Table 
29). The correlations were both positive and negative but 
Table 27. Mean sterility percentages for oat lines from the 
original populations and those derived by three 
breeding methods 
Source 
Breeding Irradiated Irradiated Irradiated 
method Clintland Beedee Hybrid hybrid 
Original population 9.8 8.5 8.0 6.5 
Pedigree selection 12.5 8.2 7.2 8-6 
Recurrent irradiation 11.9 11.9 
CM O
 
i—1 
9.8 
Recurrent selection 10.7 10.1 7.2 8.0 
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Table 28. Mean squares from the analysis of variance for 
sterility percentages 
Source d.f. Mean squares 
Total 599 
Replications 2 
Strains 199 
Populations 3 309 
Breeding methods -w/populations 12 50.25 
Lines w/methods w/populations 184 66.91** 
Lines w/methods w/irradiated 
45.16** Clintland 36 
Original population 7 34.00 
Pedigree selection 7 102.14** 
Recurrent irradiation 7 33.00 
Recurrent selection 15 29.50 
Lines w/methods w/irradiated 
Beedee 36 160.77** 
Original population 7 65.85** 
Pedigree selection 7 111.57** 
Recurrent Irradiation 7 201.28** 
Recurrent selection 15 209.10** 
Lines w/methods w/hybrid 38 39.68** 
Original population 10 44.20* 
Pedigree selection 7 45.40 
Recurrent irradiation 6 38.50 
Recurrent selection 15 34.50 
Lines w/methods w/irradiated 
47.08** hybrid 72 
Original population 14 21.57 
Pedigree selection 15 69.20** 
Recurrent irradiation 14 53.00** 
Recurrent selection 29 48.55** 
Error 398 22.4o 
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Table 29- Correlations between 100-seed weight and sterility 
percentages for oat lines derived from the original 
populations and the three breeding methods 
Pedigree Recurrent Recurrent 
Population Original selection irradiation selection 
Irradiated 
Clintland .940 (2)a -.157 (6) .672 (6) .010(14) 
Irradiated 
Beedee -.551 (2) -.610 (6) .224 (6) .020(14) 
Hybrid -.287 (5) .580 (6) -.379 (5) .203(14) 
Irradiated 
hybrid -.219 (6) .479(14) .415(13) .096(30) 
Intrapopulation -.151(15) .070(32) .295(30) .096(72) 
lumbers between parentheses denote the degrees of 
freedom. 
none was significant, indicating that 100-seed weights for the 
oat lines were not associated with sterility percentages. To 
obtain a larger number of degrees of freedom for each correla­
tions, pooled intrapopulation correlations between the two 
attributes were calculated by using the formula; 
4 n 
xy 
Intrapopulation correlation = — 
h x2 JL y2 
3=1 3=1 
4 
with degrees of freedom = (n - 2). The x and y represent 
i=l 
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variates, respectively, from their population means. The 
pooled intrapopulation correlations ranged from -.151 for the 
check to .295 for recurrent irradiation, but none was signifi­
cant. Therefore, the variances for seed weight in the popu­
lations studied herein were not confounded by sterility. 
•10 4 
DISCUSSION 
Although natural crossing among generation plants 
grown in the field can be high (Caldecott et al., 1959), it is 
negligible in the greenhouse (Krull, I960). In this study, 
special precautions were taken to prevent natural crossing 
among the plants and certain techniques were used to mini­
mize natural crossing in the field. The populations of 
recurrent irradiation derived plants from the 25 parent strains 
were isolated from one another at anthesis by either time or 
space. Five strains were planted in the greenhouse each week 
for 5 weeks to separate the anthesis dates among strains and 
when a population started flowering it was moved into a green­
house room which contained no other oats. 
Even if natural crossing occurred among M2 plants grown 
in the field, its effect on the data collected from the 
generation experiment should be negligible for 3 reasons : 
(a) Individual plants were spaced one foot apart in rows 3 
feet apart in ranges separated by alleys 5 feet wide to reduce 
the opportunity for natural crossing. Also, plants derived 
from the same genetic source were grown in blocks of rows. 
(b) Highly sterile Mg plants would not produce 75 seeds per 
plant, and 75 seeds were required for the final experiment. 
(c) The effect of one or two outcross seeds on the mean data 
for a given line would be diluted nearly out of existence 
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because 75 seeds were used to test each line. 
Differences in sterility percentages could increase the 
genetic variances for seed weight (Williams and Han way, 1961) 
if a correlation existed between sterility and seed weight. 
Prey (1962a) found that when spikelets were removed from an 
oat panicle, the weight of the remaining seeds was increased. 
Sterility could have a similar effect. Herein the mean 
sterility percentages for the three breeding methods and the 
original populations were similar. Significant variation 
among lines occurred, even for the original populations, but 
none of the correlations between 100-seed weights and steril­
ity percentages within populations was significant. Neither 
was any of the pooled intrapopulation correlations significant 
for any of the breeding methods. Therefore, it can be assumed 
that the variances for seed weights of oats in this study were 
not confounded by sterility. Similar results were obtained by 
Abrams (1963). 
Means and variances are used to compare the efficiency of 
breeding methods. A selection procedure is considered to be 
effective for a given attribute if its use results in changing 
the mean of a population in the desired direction. The magni­
tude of variance in a newly-developed population determines 
whether further progress can be expected from selection for 
the attribute, or whether a ceiling has been reached which 
stagnates further improvement. Obviously, the ideal breeding 
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procedure is one which allows improvement of the population 
mean with minimal reduction in genetic variability per selec­
tion cycle. Herein, the same 25 parental strains, five from 
each of five original populations (Krull, i960), were used to 
initiate new populations via three breeding procedures, pedi­
greed, recurrent irradiation and recurrent selection. Judging 
from the mean 100-seed weights of the parental strains, the 
selections in each population was either equally or more 
effective than predicted from the experiments of Krull ( i 960) .  
Furthermore, the mean 100-seed weights of the newly-developed 
populations did not differ from the means of the respective 
selected parents from which they were propagated. 
The variances for weights per 100 seeds from populations 
(Table 10) derived by all three breeding procedures exceeded 
the variances of the original populations. 
It is difficult to make a direct comparison of the 
magnitudes of variances of populations derived by the pedi­
greed and recurrent irradiation procedures with those from 
recurrent selection-derived populations, because the total 
variances are distributed into different categories. For the 
recurrent irradiation and pedigreed procedures much of the 
total variability for a given population was associated with 
the "between-parents" source, whereas this variation source is 
diverted into two categories, among crosses and within crosses 
for the recurrent selection procedure. The variances among 
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crosses for the recurrent selection method were all lower than 
the variances among parents for the recurrent irradiation 
method for all three characters (Table 11). In contrast the 
sums of the variances among families and lines (Table 12) for 
the recurrent selection procedure were higher than the similar 
variances for recurrent irradiation, especially for seed 
weight and heading date. For recurrent irradiation, variances 
tended to decrease in magnitude from parents to families to 
lines, whereas for recurrent selection a large portion of the 
total variance was among lines within families. The varia­
bility from recurrent irradiation resulted from residual 
heterogeneity in the parental lines and the accumulation and 
segregation of new mutations, whereas the variability from 
recurrent selection was released primarily from recombination. 
The fact that the pedigreed procedure appeared to be 
equally as effective as recurrent selection and recurrent 
irradiation was somewhat misleading. The variability found 
for the pedigreed method was nearly the ultimate amount that 
could be expected because the lines within parents that were 
measured were in the Mg, Fy and MgFy generations for the 
irradiated, hybrid and irradiated hybrid sources, respectively. 
On the other hand, the lines within families from the recur­
rent irradiation and recurrent selection procedures were bulk 
progenies derived from M2 and Fg plants, respectively. There­
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fore, if the lines from recurrent irradiation or recurrent 
selection were propagated as bulk progenies for several more 
generations, considerable additional variability should be 
released upon which further selection could be practiced. 
Since the seeds that were recurrently irradiated and the 
plants that were recurrently crossed were in the M4, F^ and 
generations, they would have carried little potential 
variability from selection and thus, variability among lines 
within families resulted largely from the second cycle of 
irradiation in the recurrent irradiation-derived populations 
and from recombinations of genes in the recurrent selection-
derived populations. 
Stadler (1930, 1932) and Stadler and Roman (1948), work­
ing with qualitative characters, questioned the practical use 
of irradiation to induce mutations because most mutations that 
they obtained were deficiencies and/or were accompanied by 
deleterious effects. More recent studies (MacKey, 1954, 
Gregory, 1957, Gaul, 1961b, Krull and Frey, 1961, Abrams, 1963 
and others) have shown that irradiation can be used success­
fully in plant breeding for quantitative characters. The 
present experiment substantiated the latter studies by proving 
that variability induced by thermal neutron irradiation was 
equally as heritable and useful as natural variability for 
breeding methods which involved either direct selection or 
hybridization. Progress from selection for 100-seed weight 
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in populations derived from irradiated Beedee and Ciintiand 
was comparable to that from selection in the hybrid population. 
Much of the variability induced by thermal neutrons is 
known to be associated with chromosomal aberrations (MacKey, 
1954). This type of variability would be heritable in a 
direct selection program but most likely it could not be used 
successfully in a hybridization program. However, the induced 
and natural variability were used with equal success in the 
recurrent selection procedure, which does involve hybridiza­
tion. Obviously, the expected and actual success of using 
irradiation-induced variability in a breeding procedure which 
employed hybridization did not coincide. Most likely, the 
reason for this apparent paradox lies in the method that Krull 
(i960) used to select the lines to represent his irradiation-
derived populations (from which high-seed-weight lines were 
selected for this study). In contrast to Stadler (1930, 1932) 
and others, who based their conclusions on the total mutations 
that were induced by irradiation, and especially upon delete­
rious mutants, such as steriles, albinoes, dwarfs, etc., Krull 
(I960) discarded all M^ progenies which segregated such 
aberrant mutants. Thus, his population probably contained a 
relatively high proportion of the variability due to gene or 
point mutations. In a sense, his was a stratified random 
population of lines which did not include many chromosome 
mutations. If so, the irradiation- and hybrid-induced 
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variability could be used similarly. 
Furthermore, the irradiated hybrid*' population gave the 
greatest advances in selection for 100-seed weight for each 
breeding procedure. So, not only could the induced and the 
natural variability for seed weight be used in the same way 
in a plant breeding program but they also complemented one 
another. 
In general, the advances from selection were smaller in 
the irradiated Beedee than in the irradiated Clintland popula­
tion. The differential results were due to the fact that 
irradiation caused less variability in Beedee than in Clint­
land. 
No change is expected for an attribute unless selection 
is practiced. The results for heading date and plant height 
(attributes for which no selection was practiced) agreed with 
expectation. The mean plant heights and heading dates of the 
populations derived via the three breeding methods did not 
differ from the means of the original populations. Also, the 
genetic correlations among attributes (Table 20) support this 
conclusion since 100-seed weight (the selected character) was 
not associated with either heading date or plant height. 
"With a constant selection intensity the magnitude of 
genetic advance from selection is dependent upon the amount of 
genetic variability in the population and heritability of the 
attribute. Herein, both irradiation and hybridization created 
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significant variability and both types of variability were 
heritable. For seed weight the actual genetic advances from 
selection (Table 14) and the expected genetic advances from a 
second cycle of selection (Table 21) were largest in the 
irradiation-derived populations. These results coupled with 
the fact that the greatest actual and expected genetic 
advances occurred in the irradiated hybrid^ population justify 
the use of radiation per se, or as a complement to hybridiza­
tion for expanding the genetic variability in plant breeding 
programs. 
The pedigreed procedure showed that there was considera­
ble genetic variability present within the Mg-, F^- and MgF^-
derived lines which could have been used for selection per se. 
The intercrosses for the recurrent selection method were made 
among random plants in Mg-, F^- and MgF^-derived lines grown 
in the M4, F^ and M^F^ generations, respectively. If the best 
lines isolated by the pedigreed method had been used for 
intercrossing, instead of random plants, the expected gain 
from the recurrent selection procedure would have been nearly 
doubled. In crops such as oats and wheat where crossing is 
both expensive and laborious, the utilization of alternating 
pedigreed selection and recurrent selection cycles would be 
justified from the cost standpoint alone. 
There would be no advantage in practicing pedigreed 
selection within Mg-derived lines between cycles of recurrent 
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Irradiation because tne irradiation-induced variability was 
cumulative and of nearly the same magnitude whether the 
parental stock was heterogeneous or homogeneous. Although 
cost studies were not applied herein, the most economical 
genetic advance from the recurrent irradiation procedure would 
not appear to include intervening generations of pedigreed 
selection within Mg-derived lines. 
The predicted magnitude of increase in genetic variance 
from applying successive doses of irradiation gave diminishing 
returns as two, three or four doses were applied over the 
three genotypes (parents and hybrid). Heading date which was 
considered to be a qualitatively inherited attribute approached 
maximum variability with a three-dose combination, whereas 
plant height and seed weight, which were complexly inherited 
attributes, did not reach maximum variability even with four-
dose combinations. When Gregory (1961) tested whether 
irradiation-induced variability is additive to natural varia­
bility, only theoretical values were available, whereas 
herein, actual values of the irradiated or recurrently 
irradiated-hybrid variances were available for comparison with 
the predicted values. 
The present study and that of Gregory (1961) indicated 
that a heterogeneous and/or heterozygous genetic background 
somewhat depresses the expression of irradiation-induced 
variability. This appears to contradict the expectation that 
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a mutant occurring at a heterozygous locus should gain 
immediate expression, since dominance would inhibit the 
expression of a mutant at a heterozygous locus. However, the 
concept of complete dominance and other types of gene action 
which operate in quantitative attributes may influence muta­
tion expression in complex ways. 
This study has shown that irradiation-induced variability 
for seed weight can be used directly in a selection program 
or indirectly in a recurrent selection program. Obviously, 
the exact results obtained are dependent on the varieties 
used, the selection procedure, and the experimental techniques. 
Since the pedigreed procedure revealed the existence of sig­
nificant genetic variability for the three quantitative 
characters within the Mg-, F and MgF-^-derived lines, it 
would be advisable to practice pedigree selection in the Mg-
and Fg-derived lines from the recurrent irradiation and 
recurrent selection methods, respectively, in the and F^ 
or later generations. Further cycles of recurrent irradiation 
and recurrent selection would make use of the M^- or F^-
derived lines. A third irradiation cycle is suggested to 
further expand the genetic variability for heading date, 
plant height and seed weight in the populations. 
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SUMMARY 
Oat populations derived from irradiated Clintland, 
irradiated Beedee, the hybrid of Beedee x Clintland, and the 
irradiated hybrid were used as genetic sources to initiate a 
cycle of recurrent selection and a second cycle of irradiation. 
The five strains with the highest 100-seed weight from each 
source were crossed in a diallel and also reirradiated with 
thermal neutrons. A sample of 10 percent of the lines in the 
original populations, the parental strains, and a pedigreed 
selection samples within the parent strains served as checks. 
The sampling procedure within the checks and the breeding 
methods involved populations within methods, parents or 
crosses within populations, families within parents or crosses 
and lines within families. Lines derived from populations 
developed by the various breeding procedures and from the 
checks were grown in a replicated experiment and were measured 
for 100-seed weight, heading date and plant height. 
The progress from selecting the parental strains for 100-
seed weight was as great or greater than that predicted in 
both the irradiation-derived and hybrid-derived materials. No 
change occurred in the mean heading dates or plant heights 
(nonselected characters). In general, the new populations 
developed via recurrent selection and recurrent irradiation 
showed expanded variability over the original populations 
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which gave opportunity for additional progress from selection. 
Variability among the pedigreed lines was as great as that 
among lines from recurrent irradiation and recurrent selection 
but expansion of variability in the pedigreed population had 
reached its maximum, whereas considerable release of varia­
bility would be expected within the lines derived from recur­
rent selection and recurrent irradiation. 
The expected genetic advances from another selection 
cycle were high in all populations, and equal relative gains 
were expected from both the hybrid- and irradiated-derived 
populations. The highest actual advance and predicted genetic 
gains occurred in the irradiated-hybrid populations, suggest­
ing the use of irradiation to complement hybridization in 
order to obtain maximum genetic variability. 
Expected genetic variability from combining three geno­
types and three levels of irradiations were calculated to test 
if irradiation-induced and natural variability were additive. 
A hybrid background somewhat depressed the expression of 
induced variability. Variability for heading date (a qualita­
tively inherited attribute) was approaching a maximum with 
three doses of irradiation, but for seed weight and plant 
height (relatively complex attributes) variability continued 
to accumulate through four doses. 
Recurrent irradiation did not increase sterility in the 
populations, although there were some instances of significant 
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variability among lines within populations for sterility. 
Intrapopulation correlations between seed weight and sterility 
were not significant showing that sterility did not affect the 
variability estimates. 
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